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Metal ions are common in biological systems and probably 
function in many cases by complexing with proteins. The study 
of metal protein interactions has greatly expanded in recent 
years. The subject was reviewed in 1962 by F.R.N. Gurd [1]. 
Histidine is a common amino acid in proteins and its 
imidazole side group has a very high affinity for metal ions. 
It is therefore not surprising that metal ions are often found 
to react with histidine residues in proteins. For example in 
sperm whale metmyoglobin, whose atomic structure is almost 
completely known [2], a histidyl residue is co- ordinated to the 
iron atom of the haem group by means of a nitrogen atom of its 




ions to myoglobin 
in solution [141], principally involves those imidazole groups 
which are buried within the molecule. It is useful to correlate 
the ligand properties of these imidazoles with their steric 
situation which is known from the X -Ray results. 
However to predict the properties of an imidazole group in 
a particular situation is more difficult, and requires an exact 
knowledge of the properties of the histidyl residue and the 
neighbouring groups. As F.R.N. Gurd has said [1]: "Only by 
studying appropriate metal peptides will it be possible to predict 




In this connection it would be very useful to have precise 
data on the behaviour of histidine as a ligand. Its properties 
towards metals in solution are already fairly well known, but 
these studies do not indicate the exact stereochemistry and 
conformation of the histidine. Only X -Ray analysis can show 
the detailed geometry of interaction between histidine and metal 
atom. This study of nickel histidine is part of a general study 
of metal -histidine complexes being done in this laboratory. 
Nickel itself is not an important metal biologically. The 
interest lies in the comparative study of a series of metal - 
histidine complexes which might lead to useful conclusions about 
histidine conformation and metal - oxygen or nitrogen bond lengths. 
Work completed on metal -histidine complexes. 
(i) Crystallography 
Both L and DL complexes of Cd(II), Zn(II), Ni(II) and Co(II) 
have been investigated at the time of writing. Only the two zinc 
complexes have been fully reported [3,4]. All the other complexes 
have been studied in this laboratory (see:- Paper presented to 
X -Ray Analysis Group Conference, April 1965). All complexes so 
far determined have two -fold symmetry, and there are some 
interesting differences between some of the L and DL forms. 
(ii) Solution studies. 
There have been several independent measurements of metal 
histidine stability constants [5,6,7] but the most reliable are 
probably those of Leberman and Rabin [5]. They used potentio- 





M + L ML 
K2 
ML + ML2 
Logic) Ki Logic) K2 
Cd (II) 5.65 4.14 
co (II) 6.92 5.52 
Zn (II) 6.63 5.67 
Ni (II) 8.69 6.83 
Their results for Cu ++ were more complex, the bonding being 
stronger. The stability constants are all high showing 
histidine to be a powerful ligand. Among amino -acids only 
cysteine binds metals more firmly. 
Co (II) complexes of histidine have been studied in solution 
by McDonald and Phillips using N.M.R. [8]. They found that the 
configuration of the complex varied with pH as might be expected. 
They could distinguish four complexes, including a tetrahedral 
Co(histidine)2 complex at high pH. 
Other relevant data 
The association of various derivatives of histidine and 
similar compounds with metals has been investigated [9] in 
solution e.g. acetyl L- histidine [9], histidyl histidine [9,7], 
histamine [6], (3- (4- imidazolyl) propionic acid [6], anti- 
histamine [10] and carnosine [11]. Crystallographic work is in 
progress on Cu(II) glycyl L- histidine [15]. Two independent 
measurements/ 
14. 
measurements have been made on imidazole -metal stability constants 
[6,12]. It is useful to compare these constants with the 
log i oK i values for histidine. 
logi oKi (histidine) [5] 
8.69 
6.63 
logioK (imidazole) [6] 
3.01 
2.13 
The higher values for histidine are a measure of the strength of 
binding of the amino and perhaps the carboxyl oxygen, as well as 
a result of a statistical effect due to chelation. Proof that 
metals bind to the "pyridine nitrogen" of imidazole, and the 
total heats of formation of the complexes have been given [12]. 
Also relevant is the very recent determination of the 
structure of imidazole by X -rays [13]. The molecule is quite 
planar, the deviations from the least squares plane being not 
larger than .004 Á. The hydrogen attached to Ni is hydrogen 
bonded to the N3 of a neighbouring molecule. 
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It is interesting to compare this structure with the recent 
refinement of the structure of histidine hydrochloride [14]. 
In histidine HCl the imidazole ring is protonated at the free 
nitrogen position, and so small shifts in electron distribution 
and bond lengths in the ring are to be expected. As may be 
seen there are some significant differences in bond lengths. 
Nickel stereochemistry 
Nickel stereochemistry has been reviewed by J.R. Miller in 
1962 [16], Nyholm in 1961 [17] and spin -paired complexes of 
nickel by Harris and Livingstone in 1962 [18]. 
Two types of spin -free Ni(II) complex are known - octahedral 
and tetrahedral. Examples of octahedral complexes are very 
common and well known, but tetrahedral complexes have only become 
firmly established in the last decade. In the octahedral case 
electronegative ligands are favoured, whereas tetrahedral complexes 
mainly occur with halide ions and mixtures of these with triphenyl 
phosphines. 
Similarly with spin -paired Ni(II) complexes, square planar 
was assumed for a long time to be the only possible configuration. 
Only recently 5 and 6 co- ordinate spin -paired complexes have been 
discovered, with ligands including halide ions,SCN , CN and 
chelates containing arsenic and phosphorous. 
However, with electronegative ligands such as oxygen and 
nitrogen, most complexes fall into one of the two common groups: - 
(i) Octahedral spin -free 
(ii) Square planar spin- paired 
Ni-0/ 
6. 
Ni -0 and Ni -N bond lengths 
Table 1 gives data on complexes containing Ni-0 and Ni -N 
bonds whose structures were determined by X -Rays. The observed 
bond lengths are summarised in Table 2. It is useful to compare 
these values with the sum of the covalent radii. Pauling [19] 
gives 1.391 for the "octahedral covalent radius" of nickel and 
values of .661 and .701 for the covalent radii of oxygen and 
nitrogen respectively. This gives 2.O51 for the Ni -0 bond and 
2.091 for the Ni -N bond, agreeing quite well with the data for 
octahedral complexes. Tetrahedral and square planar complexes, 
however, seem to show a significant shortening of about .21. 
This may in part be due to differences in the nature of the 
ligand atom (all the square planar complexes containing Ni -N bonds 
have a nitrogen of "imino" character, for example. However the 
Ni- N(imidazole) distance is normal for the octahedral case). 
If there is significance in this shortening it would cast doubt 
on Pauling's conclusion [19] that:- "square dsp2 radii of atoms 
have the same values as the corresponding octahedral d2 s p3 radii ". 
TABLE 1 
YEAR REF. COMPLEX BOND LENGTHS 
Ni (NHS. )1 (SO4.4 .6Hz0 cnntaining Ni-0(Hz0) 2.084(.012) 
[Ni(H2.0)6] inn. R. Octahedral tt 2.04(.012) 1964 20 
Tetra kis(aqua)bis(acetatn)Ni Ni-0(H9,0) 2.09 
Regular Octahedral Ni-0(carboxyl) 2.12 1953 21 
Diaqunbis(salicylaldehydatn)Ni Ni-O(aldehyde) 2.019 
R. Oct. Coplanar -trans Ni-O(Hx0) 2.041(.02) 1961 22 
Cnnfig. fnr nrganic pnrtinn Ni-0(nhennlate) 2.023(.02) 
Bis( salicylaldiminatn)Ni Ni-0 ( phennla.te )1 . 840 ( .03 ) 
Trans planar,centre at Ni Ni-N( iminn ) 1.40(.03) 1959 23 
Bis (salicylaldnximatn )Ni Nn accurate bnnd 
Trans planar, centre at Ni lengths 1956 24 
Bis(N-methylsalicylaldiminatn)-Ni-0(phennlate)1.00(.03) 
Ni. Trans planar Ni-N ( iminn )1. 90 ( .02 ) 1959 25 
Bis(N-isnprnpylsalicylaldiminatn)- Ni-0(phennlate)1.894(.004) 
Distnrted tetrahedral Nt (u) I t ft 1.9(.004) 
Ni-N(iminn)1.990(.005) 
Ni-N(iminn)1.950(.009) 1964 26 
Bis (N- nbutylsalicyla.ldiminatn)- No accurate bond 
Ni. 2 dimensions only. lengths 1962 27 
Diaqunbis(acetylacetnnatn)Ni Ni- 0(carbnnvl)2.018(.01) 
Tetra.gnnally distorted octahedron Ni- 0(H2.0) ?.139(.01) 1964 2E 
Bis (ac etyla c etnnatn) Ni Ni -0 (carbnnyl) 2.00 (.0L. ) 
Distorted octahedral. A trimer Ni- 0(sharedby ether Fi) 1961 29 
Pairs of Ni bridged by 3 oxygens 2.12(.04) 
Triethylenediamine Ni +nitrate Ni-Y ( aminn ) 2 .120 ( .01 3 ) 
containing [Ni (en)3]+ inn. 1960 30 
Distorted nctahedral. 
Bis (ethirlenediamine )bis (i snthin- Ni-N(amino)2.10 
cyanatn )Ni . Ni (en )1 (INS )y, Ni-N(NCS) 2.15 1963 31 
Regular Octahedral- trans. 
Dinitrnbis (NN- dimethylethyl ene- Yi -O (N0 ) 2.11(.008) 
diamine)Ni V Fi- N(NTT, el) 2.219(.01.2) 1964 32 




perchlnra.te. [Ni(en)2 (NO2.)2 ]inn 
Chain structure. R.Octahedral. 
Ni atnms linked by 0 of NO2 
Bis( dimethylglynximatn)Ni. 
Trans planar. 
Bis(methyl ethyl glynximatn)Ni 
Trans planar. 
Bis(glycinn) Ni dihvdrate 
Distnrted nctahedral. 
Ris(ß- alanine)Ni dihydrate 
Very slightly distorted 
nctahedral. 
Bis(DL- histidine) Ni - 
mnnnhydra.te. 
Regular nctahedral. 





4- cnnrdinate but not planar. 
BEND LENGTHS 
fi-O(F02) 2.( .0L ) 
fi-N(aminn)2.17( .04) 
11 11 2.13(.04) 
YEAR REF. 
1962 33 
Yi-P,I(iminn) 1.87( .02) 
11 1? 1.90(.01) 1953 3h 
Ni-N.(iminn) 1.3(.Q2) 
/ f 11 1.8$( .02) 1960 35 
Nn accurate bond 
lengths 191_,.5 36 
Ni- 0(carbnxvl)2.1L,.(.02) 
Ni- 0(water) 2.17(.02) 1964 37 
Ni- N(aminn) 2.10(.03) 
l ' i -0 (c arbnxyl) 2.109 ( .010 ) 
Ni- N(aminn) 2.102(.01 ) 1965 This 
Ni- N(imidaznle)2.094(.007) thesis 
Ni- N(aminn) 2.024(.016) 1956 3F 
Ni -ITT (iminn) 1.91 (.01) 1962 39 
Ni- N(aminn) 1.96 (.01) 1963 40 
TABLE 2 
- 0 and ri - bflr-d distances 
0 (water) r,i aY(li n 
2.0$ (.01) R. Oct. 20 2.02 ( .02) R. Oct. 3$ 
2.04 (.01) It 20 2.10 ft 31 
2.17 (.01J It 33 
2.04 (.02) tt 22 2.13 (.04) 't 33 
2.09 It 21 2.10 (.01) IT This 
2.14 LOU D. Oct. 28 thesis 
2.17 (.02) It 37 2.10 (.03) D . Oct. 37 
2.09 (.01) It 32 
0 (carboxyl) 2.12 (.01) It 30 
2.12 R. Oct. 21 rT (ir.,in7) 
2.11 (.01) tt This 
thesis 1.84 (.03) T . Planar 23 
2.14 (.02) D. Oct. 37 1.90 (.02) t t 25 
1.83 (.02) It 35 
0 (carbonyl) 1.$$ (.02) tt 35 
1.$7 (.02) tt 34 
2.02 (.02) R. Oct.. 22 1.90 (.01) t t 3/+ 
2.00 (.04) D. Oct. 29 1.91 (.01) It 39 
2.02 (.01) It 2$ 1.99 (.005)D. Tetr. 26 
1.95 (.009) It 26 
0 (phenolate) 1.96 ( .01) Ton-Planar 40 
1.$9 ( .004) D. Tetr. 26 T' 
1 "'ther ) 
1.90 (.004) tt 26 
2.02 (.02) R. Oct. 22 2.09 (.01) Iridazole 
1.01; (.03) T . Planar 23 R. Oct. This thesis. 
1.$0 (.03) it 25 2.15 -ICS R. Oct.. 31 
2.22 (.01) -,.TT,,-:e - 
0__ L r` 0 2' -D.Oct. 2 32 
2.5$ (.04) R. Oct. 33 
2.11 (.01) D. Oct. 32 
0 (other) 
2.12 (.04) 0 shared by 
ether Y i atom. D .Oct.. 29 
rT tes R. Oct. = 








2. DETERMINATION OF THE STRUCTURE OF DL BIS -(HISTIDINO) 
Ni(II) MONOHYDRATE. 
(a) Preparation of complexes of Ni(II) with DL Histidine. 
Two different crystalline complexes of Ni(II) with DL 
histidine were prepared as follows: - 
Ni CO3 was added to a solution of pure DL histidine. There was 
no reaction in the cold, but on boiling there was a vigorous 
reaction, evolution of CO2 and a blue -purple colour appeared. 
Slow cooling and evaporation gave a background of small purple 
crystals, together with several larger deep blue crystals. Use 
of different proportions of NiCO3: histidine did not alter the 
crystals obtained. Better quality crystals of both types were 
prepared by recrystallisation from boiling water, with slow 
cooling to room temperature and evaporation. 
The purple crystals (A) were small with good faces, sharp 
reflections and were stable in air at room temperature. (See 
Fig 1 and page 9 ). The deep blue crystals (B) were larger 
(> .2mm), had a cubic shape, but did not have such good faces, and 
decomposed after a short exposure to air. X -Ray powder photo- 
graphs were taken of crystals A, B and pure DL histidine. All 
three photographs were different from one another. 
Crystals B 
The density was determined by flotation in a mixture of 
carbon tetrachloride and methyl iodide obs = 1.667 g.cm 3. 
The unit cell volume was measured by taking photographs about 
an/ 
8. 
an axis, parallel to one of the prominent crystal zones, whose 
translation was 15.05 (± .1)51. The crystal was mounted in a 
4 
sealed PantaI tube. No symmetry was observed on the 
oscillation or zero layer Weissenberg photographs. The cell 
volume, Vc, was 787 (± 1 5)Á3. Vc together with obs gives a 
cell molecular weight of 790 (± 15). This is very close to 
the sum (= 788) of the molecular weights of 3 molecules of water 
and two molecules of Ni(histidine)2. The density calculated 
from Vc and this cell contents is 1.663 g.cm -3. It should be 
noted that the real unit cell volume may be a multiple of Vc 
quoted above, since systematic absences may have been present. 
Investigation of these crystals was stopped at this point, 
since their instability made them unsuitable for accurate work. 
It was concluded that there is a 3:2 ratio of water:Ni (histidine)2 
in crystals B. 
Crystals A 
The great stability of these crystals and the beauty of their 
crystalline form, made them suitable for a full structural 
investigation. The determination of symmetry and space group 
showed the problem of structure analysis to be greatly simplified. 
The rest of this section therefore describes the full structure 
analysis of crystals A, which were proved to be Ni(histidine)2. 
H2O or more formally, DL bis- (histidino) Ni(II) monohydrate. 
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(b) Preliminary work on Ni(Histidine)2.H20 (Crystals A). 
Small purple crystals A were recrystallised from boiling 
water. They were rather irregular in shape (see Fig. 1), but 
showed sharp faces and were very stable at room temperature. 
They were slightly elongated along the [0IT] zone axis, and it 
was most convenient to photograph them about this axis. This 
led to some initial difficulty in recognising their orthrhombic 
symmetry, but later on it had advantages in data collection. 
Determination of Symmetry and Space Group. 
A small crystal was orientated about the [o ii] axis and an 
oscillation photograph taken and the reciprocal lattice spacing 
d 
m 
= 2043(CuKai) parallel to the axis calculated from the layer 
line spacings. A zero layer Weissenberg photograph showed two 
lines of symmetry at right angles : axes h' and k' with a'# 
= 1013 and b'' = 1 160 (CuKa i) . The symmetry of the zero layer 
Weissenberg showed that at least one mirror plane was present 
passing through the origin of reciprocal space. The 1st, 2nd and 
3rd layer equi- inclination photographs showed only one line of 
symmetry parallel to k'. The mirror plane was therefore normal 
to the h' axis, and the crystal was therefore monoclinic or had 
higher symmetry. 
Assuming it to be monoclinic, a' was the unique axis and 
the films were indexed accordingly. The systematic absences 
found did not fit in with any monoclinic space group. The 
crystal/ 
10. 
crystal therefore had higher symmetry. 
A plot was made of the reciprocal lattice normal to the 
h' axis and only the observed reflections marked on it 
(see Fig. 2). At once a face centred pattern emerged. It 
was possible to choose a new axis, named k, and an axis 1 at 
right angles approximately. The axis h' was renamed h. There 
were two possibilities of choosing k and 1 as indicated on 
Fig. 2. If the crystal was orthrhombic the hk0 and 1101 planes 
would be mirror planes. The films were next indexed according 
to the two possible orientations of k and 1, and the intensities 
of reflections on layers 0 to 3 related by the mirror planes 
compared. roughly. One orientation gave good agreement; the 
other no agreement at all. The k and 1 axes were chosen 
accordingly as shown in Fig. 2. This in itself was a strong 
indication of orthorhombic symmetry. The final proof was in the 
observed conditions of reflection:- 
hkl only for k + 1 = 2n 
Okl only for 1 = 2n, k = 2n 
hol only for h = 2n, i = 2n 
hko only for k = 2n 
hoo only for h = 2n 
oko only for k = 2n 
ool only for 1 = 2n 
These conditions indicated A face centring, a glide plane normal 
to a, and a glide plane normal to b with translation a /2. The 
crystal/ 
11. 
crystal was therefore orthrhombic with space group no. 41 (Aba2) 
or No. 64. 
Henceforth when axes are mentioned they will refer to the 
indexing system consistent with space group Aba2. 
Accurate Unit Cell Measurement. 
A crystal was mounted about the b -axis and a zero layer 
Weissenberg photograph taken with Cu Ka radiation. It was 
calibrated by means of a fine copper wire which was photographed 
at both top and bottom of the Weissenberg film. The copper 
lines were indexed and their 9 values calculated. a = 3.615041 
for copper (face centred cubic) was used. The distance between 
the corresponding lines on either side of the film was measured 
with a travelling microscope, and the distance : angle conversion 
factor was calculated for each line and plotted against sin28. 
This was done for both top and bottom of the film and extrapolation 
to sin29 = 1 gave the same value for the conversion factor, 
namely .05010 cm/degree. This should eliminate errors due to 
absorption, eccentricity, divergence of the beam and film 
shrinkage. 
A value of a 
* 
was determined by measuring the distances 
across the film between corresponding h o o reflections. The 
conversion factor was used to calculate a for each reflection 
(al and a2 spots where possible) and these values were plotted 
against sin2A and extrapolated to sin2A = 1. This was done 
for 10.0.0, 12.0.0, 14.0.0, and 16.0.0. Lack of any reflections 
above/ 
12. 
above sin28 = .67 limited the accuracy of the result:- 
a* = .10151 M.P.E. (Maximum possible error) = 
± .00010 (Cu Kai). 
Unfortunately an accurate value of c* could not be obtained from 
the photograph since there were very few ool reflections. 
A value of b* was obtained from a precession photograph of 
the hko plane taken with Mo Ka radiation. The film was 
calibrated from the value of a* determined previously. Distances 
across the film between corresponding spots were measured as 
before. In this case the variation of sin 8 with distance is 
linear, and so an averaged sin A : distance conversion factor 
was calculated from the hoo reflections : .04172/cm. Values 
of sin 8 for the oko reflections were obtained using this factor, 
and values of b* calculated. 
b *(average) = .05435 M.P.E. = ± .00010 (MoKai) 
or b* (average) = .11805 M.P.E. = ± .00021 (Cu Kai) . 
A value of c* was obtained by measuring the zero layer 
Weissenberg of a crystal set up about the [oii] axis (CuKa 
radiation). It was calibrated by measuring the hoo reflections. 
A distance : angle conversion factor was obtained in the manner 
described for the copper wire lines. Reflections of the type 
okk were then measured and their sing values calculated using the 
conversion factor. Next, using the value b _ .11805, c values 
were calculated for each reflection, plotted against sin28 and 
extrapolated to sin28 = 1. 
c */ 
13. 
c = .1996 M.P.E. = + .0005 (Cu Kai) 
It was unfortunate that by this method the values of b* and c 
41' depend on the value of a which was used for calibration. The 
final unit cell dimensions are given in Table 3, and they were 
used throughout the rest of the work. 
Density 
The density of crystals A was determined by flotation in a 
mixture of carbon tetrachloride and methyl iodide. Freshly 
prepared crystals were used. 
P obs = 
1.671 (1. .004) g. cm -3 
Effect of temperature 
A small sample (.02 g) of crystals A was heated at 150 °C to 
constant weight (20 hours). The percentage loss in weight was 
1.13 %. No change was observed in the crystals and they still had 
good faces and sharp reflections. They appeared to be very 
stable at this temperature. 
Conclusions from Space group, cell volume and density. 
The measured cell volume, Vc was 1528.6 3. This together 
with the observed density gives a total "cell molecular weight" 
of 1538.5. 
Assuming a complex of the type Ni(histidine)2 with 
MW = 367.05, the total weight of 4 molecules of this complex and 
4. molecules of water would be 1540.3. This agrees well with the 
observed/ 
14. 
observed "cell molecular weight" of 1538.5. Further work 
therefore proceë.ded on the assumption that there are 4 molecules 
of Ni(histidine) 2 and 4 of water in the unit cell. 
On this basis the density, calculated from the contents of 
the cell and the cell volume, is: 
P cale - 
1.673 g. cm -3. This 
value agrees with 
P obs within 
experimental error. The two 
possible space groups are: - 
(i) Aba2. (No.41 ) 
This space group has eight equivalent positions, and four 
special positions on the two -fold axes. It is non- centrosymmetric. 
To fit the cell contents to the space group the four Ni atoms and 
the four oxygens of the water molecules would have to lie on the 
two -fold axes, while the histidine atoms would be in general 
positions. Any Ni(histidine)2 complex would therefore have two- 
fold symmetry. 
(ii) No. 64 
This space group has sixteen general equivalent positions, and 
a series of eight -fold and four -fold special positions. Since 
there are eight histidine units in the cell, each histidine atom 
would have to occupy a special position. This is obviously 
impossible. 
The space group is therefore Aba2. 
Linear absorption coefficient 








was used where: m 
P 
= 1.673 g cm -3 
ju 
m 
= Mass absorption coefficient [42] 
proportion by weight of element present. 
16. 
(c) Data Collection 
3- Dimensional data was collected from the crystal shown in 
Fig. 1. The crystal was mounted with secotine on the end of a 
very fine glass fibre on a goniometer head. The camera was a 
Unicam equi- inclination Weissenberg camera of diameter 57.3 mm. 
A stabilised Phillips X -Ray set with sealed copper target tube 
was used and was normally run at 40 KV and 20 m A, with a nickel 
filter. The collimator and beam -stop were of brass. 
Film Technique 
The multiple film method was employed with a pack of four 
Ilford Industrial G films for long exposures of about 50 hours. 
It was usually necessary to take another short exposure with a 
single film in order to get measurable intensities for the 
strongest reflections. Intensities from a pack of films were put 
on the scale of the top film by calculation of the inter -film 
scale factors. Usually about twenty or more reflections common 
to two films were measured on a reliable part of the intensity 
scale. The ratio of the intensities were then averaged. Scale 
factors for neighbouring G films varied from 2.9 to 3.3. Due to 
the dangers of differences in film quality, developing etc., film 
factors were calculated independently for each film. 
Strategy 
The crystal was first accurately adjusted to the [01T] zone 
axis. The oblique axis was a great advantage for data collecting, 
because/ 
17. 
because it enabled about 94% of the unique reflections to be 
measured from a single crystal setting. This may be seen by 
reference to Fig. 2. In the orthorhombic system $th. of the 
reciprocal lattice is unique, for example the h k 1 sector for 
h,k,l >, 0; i.e. the red and green areas for h i3O in the figure. 
The various layers normal to the [off] axis are shown as vertical 
lines. It was possible to take photographs up to layer 6 which 
had an equi- inclination angle iu. = 37.7 °. This covered the 
green area of the reciprocal lattice for all values of h. 
The red region is related by the hko mirror plane to the blue 
area which could be measured on the photographs. The only 
reflections remaining unrecorded were those on the seventh and 
eighth layers, and these numbered only thirty- three. Therefore 
out of a total of over nine hundred unique reflections only thirty - 
three could not be recorded. There was also the further 
advantage that "automatic inter -layer scaling" was possible 
without the necessity of taking any more photographs. 





n th layer 
h k k 
hkk-2 
h k k-4 
h k k-2n. 
Now a reflection of the type hkk on the zero layer could also be 
measured on layer k as h k T. Reflections on layer 1 of the type 
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relationship was that a reflection of the type h k k -2n on 
layer n could be measured on layer k -n as h k 2n -k. These 
reflections were all related by the hko mirror plane, and a 
similar general relationship existed for reflections related 
by the hol mirror plane. 
The films were first indexed and a trace made of the lines 
on each Weissenberg. This was quite a simple process as the 
line of intersection of each layer with the okl mirror plane was 
always a line of symmetry on the photographs. Intensities were 
then measured, care being taken to include enough reflections 
common to other layers to give reasonable inter -layer scaling. 
In this way a set of intensities from each layer was measured. 
Next a spot shape correction was applied to upper -layer reflections 
with lowjvalues. 
Spot shape correction 
Phillips [43] gives an expression for the true intensity, 
It, in terms of Ie, the intensity of an extended spot and Ic, the 
intensity of the corresponding contracted spot on upper -layer 
equi- inclination photographs. His formula is:- 
It - 
2 Ie.Ic 
= Harmonic mean of le and Ic. le + le 
This applies to visually estimated intensities, only where the 
variation in spot area is small. 
However badly distorted spots on upper layers with low5values 
never had to be measured, as may be seen by reference to Fig. 2. 
They/ 
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They were always measured in some other region of reciprocal 
space at higher5values. Phillips formula was therefore taken 
to apply with reasonable accuracy to all cases. le and Ic values 
were estimated for a selection of spots, (usually twenty or more), 
at various1values on layers 1 to 6. The ratio 
It Ic 
(Ie + Ic) 
was calculated for each pair of spots and plotted against 
The curve was used to correct extended spots which were measured 
in preference to contracted spots where possible. Sometimes 
contracted spots had to be measured, and in these cases the 
correction factor 
It 
= 2 - 
It was used. 
Absorption correction 
At this stage a correction for absorption was considered. 
The crystal used (see Fig. 1) was very roughly a cylinder of 
diameter .1 mm. With dp. = 23.5 cm -1 this gives a value jail = .12. 
W.L. Bond [44] gives values of A4, the absorption correction factor, 
for cylinders at successive values of A (Bragg angle). At 
fu R = .12 the maximum variation of A* (between A = 0° and Q = 90 °) 
is only about 1 %. A larger error is probably caused by changes in 
the effective value of /.R due to the irregular shape of the crystal. 
But assuming a maximum variation of 10% in /1R, the corresponding 
variation in A is only 2%. This means that a maximum variation 
of 3% in A is likely. A similar variation would be expected for 
upper layer photographs. 3% Is very much smaller than the 
expected random errors in intensity measurements (^'10á). No 
absorption/ 
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absorption correction was therefore attempted. 
Intensity processing 
After spot shape correction, the intensities on each layer 
were LP corrected using a program (Harding 8/2) written in EMA 
for Atlas. Intensities on different layers could now be 
compared directly, and the final problem was to derive reliable 
inter -layer scaling factors. 
First every possible pair of layers was taken and the 
common reflections tabulated. An averaged ratio of intensities 
was taken as the scale factor, leaving out reflections thought 
to be unreliable for one reason or another. An agreement or 
R factor (R = E 
0 
) was calculated, and the following two tables 
show the results:- 
Interla.yer scale factor 
n = 1 2 3 4 5 6 
0/n 917 848 1.843 838 - - 
1/n .937 1.950 942 1.114 
2/n 1.882 1.279 1.218 
3/n *513 728 IMP 
4/n 761 '382 
5/n '901 
Corresponding R factors ( %)/ 
21. 
































The R factors show a wide variation, some being quite good 
(5.2 - 11.2 %) others ( > 20 %) being rather poor. This was 
attributed mostly to differencesin spot shape between the two 
layers. Also some R. factors were probably high due to the 
small number of common reflections available. 
Scale factors were derived for each layer, taking the 
factor for layer 1 as 1.000. This could have been tackled by 
a formal process of least -squares refinement with a weighting 
scheme depending on the R factors. But in view of the large 
variation in R factors and reliability of the scale factors, this 
did not seem worth while. Instead the most reliable values were 
judged, and a rough process of averaging gave the final inter - 
layer scale factors: - 









Each layer was scaled with these factors, and a list of unique 
intensities drawn up. Where an intensity was measured on two 
or more different layers, the reliability of each value was 
scrutinised and only the most reliable one taken. If the 
values were equally reliable, then they were averaged. 
A process of sorting then gave the final list of intensities 
which were now proportional to F2. They were punched out on 




















SUMMARY OF DATA FOR NI(HISTIDINE), H O. 
Orthorhombic. 
0 
a = 15.18 (± .015) A 
b = 13.05 (± .023) A 
0 
c = 7.72 (± .019) A 
o 
Vc = 1529 A3 
Space Group Aba2 (No. 41) 
Linear absorption co-efficient, 1a = 23.5 cm-1 (Cu Ka) 
obs = 1.671 g. cm-3 
P 
calc. = 1.673 g. cm-3 
aR(Cu Kai) 
o 
bR( " ) 













Unit cell contents: 
4 molecules of Ni(histidine)2 4(C12 N6 04 Hi6 Ni) 
4 molecules of H2O 4(H20) 
Number of unique observable reflections inside Cu limit = 920 approx 
Number of measured reflections 
Number of "inaccessible" reflections 
Number of reflections too weak to be observed 
= 864 
= 33 
= 23 approx 
23. 
(d) The problem of solving the structure 
General 
In a non -centrosymmetric crystal the heavy -atom method 
depends on the phases calculated from the heavy atom, an, 
resembling the true phases a The distribution of errors in i 1 
the phases is a function of r where r = ( F? ) [45] . 
r depends on the ratio of the sums of the squares of the atomic 
numbers of the heavy atoms to those of the light atoms. The 
larger the value of r, the smaller the errors in phases. Too 
large a value of r, however, often results in the light atoms 
being "swamped" by the heavy ones, and their co- ordinates become 
inaccurate. In extreme cases the light atoms may even disappear 
completely into the background electron density. Too small a 
value of r, on the other hand, while it leads to accurate light 
atom co- ordinates, may mean some difficulty in solving the 
structure, since the errors in the phases will be quite large. 
In practice a compromise must be reached, and the most useful 
value of r is about 1.0. 
Now in Ni(histidine)2.H20, fÑi = 784, fL = 1064 and r = 86. 
This is therefore a fairly favourable case for application of the 
heavy -atom method. 
With space group Aba2 and L. molecules of Ni(histidine) 2 in 
the unit cell, the problem of solving the structure was 
relatively simple. The Ni atoms must lie on the two fold axes, 
and the molecule of Ni(histidine) 2 must possess exact two -fold 
symmetry, in the crystalline state at least. Now in Aba2, being 
non -/ 
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non- centrosymmetric, the origin can be placed anywhere on the 
two fold axes, and it is most convenient to take it at the Ni atom. 
Knowing the exact position of the Ni atom, Fourier methods 
were used to find the light atoms. The only difficulty in the 
solution of the structure was encountered at this stage, and it 
was due to the special position of the Ni atom which gave 
pseudosymmetry in the Fourier phased on it. However it was 
possible to break this false symmetry and derive the correct 
structure. This process and the refine ment of the structure 
is summarised in Table 4. 
The single water molecule present in the crystal, must of 
course lie on the two -fold axis, there being only four in the 
unit cell. Now the distance between neighbouring Ni atoms along 
this axis is 7.7 Á. Although no a/C parameter could be assigned 
to the oxygen at this stage, it was noted that there is enough 
room to accommodate the water molecule without the necessity of 
its being bound to the Ni as a ligand. 
Patterson Synthesis 
A 3- dimensional Patterson synthesis was first considered, but 
rejected after comparing its properties with those of the Fourier 
phased on the Ni at 0,0,0. The Patterson of Aba2 has the symmetry 
of space group Ammm[46), while the Fourier phased on Ni has the 
symmetry of Fmmm. Thus the Patterson and Fourier would be 
expected to resemble one another quite closely. In the Patterson 
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with a superimposed background of light atom vectors, which 
might obscure or distort the Ni -light atom vectors. The 
Fourier, on the other hand, should give a better representation 
of the structure, although errors due to poor phasing and 
series termination effects etc., were to be expected. 
i.e. Calcu1atorl of five aec toyi densi17 
1st 3 -D Fourier (see Fig. 3) 1- I 
zy1 62Q CiMR71SlOY1$ 
This Fourier was phased on the Ni atom at 0,0,0. The 
special position of the Ni resulted in false or pseudosymmetry 
in the Fourier. An atom at the origin in Aba2 only contributes 
to those reflections with h +k = 2n, so no estimate could be made 
of the phase angles of terms with h +k = 2n +1. These terms had 
to be left out of the summation, or in other words only half the 
data could be used. All the remaining terms then satisfied the 
conditions for a face centred cell: i.e. that h,k and t should 
be either all even or all odd. The Fourier was therefore face - 
centred. The effect of this and putting the Ni at the origin, 
was to give three false mirror planes xy,xz and yz passing through 
the origin, the symmetry being that of a space group Fmmm. Now 
Fmmm has 32 general positions and there are only 8 general 
positions in the real unit cell, corresponding to the 8 histidine 
residues. Of the 32 positions in the Fourier, only 8 can 
therefore be the true positions and the remaining 24 must be 
false. The problem was to separate the true from the false peaks. 
Considering a single histidine residue, any one of 32 peaks could 
initially be taken to correspond to a certain atom of histidine, 
but this choice automatically fixed the positions of the rest of 
the/ 
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the atoms. In a sense this initial freedom of choice is 
equivalent to an arbitrary decision about the signs of the 
orthorhombic axes. 
The presence of false mirror planes resulted in some 
complications. Peaks near or on the xy, xz or yz planes were 
distorted by reflection in these planes, a peak exactly on one 
of the planes having its electron density doubled. More severe 
distortion was present in peaks near one of the axes, a peak 
exactly on an axis having its electron density multiplied by L. 
The positions of such peaks could not be determined unambiguously. 
It was fortunate that in Ni(histidine)2 there is a 
5- membered imidazole ring which could be easily recognised in 
the Fourier. It was this feature that proved to be the key 
to the structure. 
The Fourier is shown in Fig. 3 for x,o -E ; y,o -2 ; and 
z,o -4. Contours are drawn at intervals of electron per 
0 
3. 
The light atom peaks are of about the correct density, although 
the peak at o o (in the expected position of the water molecule) 
O -3 
is rather high at 8.7 s A This is probably due to series 
termination and diffraction effects, etc., causing a build -up of 
errors at o 2 o. Strong diffraction ripples surround the Ni 
atom and tend to distort those light atom peaks near to the Ni. 
In order to visualise the Fourier clearly, a 3- dimensional model 
was made on a cork baseboard using wires and pieces of plastic. 
A model of a histidine molecule was made on the same scale, and 
attempts/ 
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attempts made to fit the histidine atoms on the Fourier peaks. 
It rapidly became obvious that there was only one set of peaks 
which would fit a planar imidazole ring. Moreover one peak was 
at the correct distance ('-'2.0 Á) from the Ni for a nitrogen. 
This peak was therefore assigned to N2, and there was a peak in 
the correct position for C3. There were also peaks in reasonable 
positions for the carboxyl group, C2 and N1, but at this stage 
there were too many ways of assigning these peaks to be sure of 
the correct structure. However there could be no doubt that the 
imidazole ring and C3 fitted very well on to the peaks. It was 
therefore decided to phase a second Fourier on the Ni, the 5 atoms 
of the imidazole ring and C3. First the co- ordinates of the 
peaks were measured using Booth's method (L7). 
The signs of the co- ordinates of one atom could be assigned 
quite arbitrarily, and so the co- ordinates of C5 were taken all 
positive. This fixed the signs for all other atoms. C6 seemed 
to lie very close to the x axis and it could not be decided on 
which side it lay. C6 was therefore placed on the x -axis hoping 
that when the false symmetry was broken, the peak density would 
move away from the axis. Similarily N2 was near the xy plane, 
and so its z/c value was taken to be zero. The co- ordinates 
derived are given in Table 5. 
Second 3 -D Fourier 
Structure factors were calculated for Ni, N2, C5, N3, C6, 
C4 and C3 in the positions found from the 1st 3 -D Fourier. 
Temperature/ 
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Temperature factors were guessed at B = 4.0 A2. for all atoms. 
The R factor ( E IAVE IF(1) was 42%, and the agreement shown 
between IFOI and 1F01 over sin2 e ranges, proved that the 
guessed temperature factors could not be far wrong. 
The phases angles from this calculation were combined with 
the observed F's and a Fourier calculated. A simple weighting 
scheme was used which omitted all excessively high Fe values where 
Fe > 5 Fc. -th Of the unit cell was covered (x,y,z : 0- 1) and 
sections were taken perpendicular to z at intervals of c/24. 
Values were computed at intervals of a /60 along x and b /40 along y. 
The Fourier showed very promising features. All the seven 
atoms put into the S.F. calculation had good peaks of higher 
electron density than the 1st 3 -D Fourier, as would be expected. 
Moreover the false peaks corresponding to these atoms in the 1st 
Fourier had disappeared completely and were replaced by regions 
of negative electron density. In the 1st Fourier there was a 
false two -fold axis, -z. This axis passed through the centre of 
44 
each section of the 2nd Fourier and the fact that it was no longer 
a two -fold axis could be seen at a glance at each section. Peaks 
corresponding to the remaining atoms (C1, C2, Ot, 02, Ni and 03) 
were all found in reasonable positions, but they all had lower 
electron densities. Also each of these atoms not put into the 
S.F. calculation, had a false or "ghost" peak of about half the 
density related by the two -fold axis. There was therefore a 
certain amount of "residual pseudosymmetry" left in the Fourier. 
The following table lists the peak electron density for each 
atom/ 
29. 




















The density of atoms not put into the S.F.'s was on average about 
-rds of the density of atoms put into the S.F.'s. This result 
was expected as any atom put into an S.F. calculation for an 
acentric structure, will tend to alter the phases in such a way 
as to produce a peak at the same position in the Fourier synthesis. 
The height of these peaks - well above the atomic number - was 
encouraging. Even more encouraging was the fact that peaks of 
about the correct relative densities were in reasonable positions 
for tie rest of the histidine molecule, and their "ghost peaks" 
had only half the electron density. There could be little doubt 
at/ 
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at this stage that the trial structure was correct. 
The positions of maximum peak density were calculated using 
Booth's method [47]. According to Donohue [48], a "double shift" 
rule should be applied in acentric Fourier refinement. This rule 
was not used at this stage since the original positions from the 
1st 3 -D Fourier were much less reliable than those from the 2nd 
3 -D Fourier. Shifts were noted for C6 which was originally 
placed on the x -axis and N2 which was on the xy plane. 03 Also 
moved slightly from z = 500 to 498. The co- ordinates so 
derived were used to calculate the 1st 3 -D (Fo - Fc) map. 
1st 3 -D (Fo - Fc) map 
All atoms in the structure (except hydrogen) were put into 
this calculation, and all temperature factors were set at 
B - 4.0 A2. The R factor was 19.7% - a considerable improvement 
from the last S.F. calculation. The (Fo - Fc) synthesis was 
computed in the same way as for the 1st 3 -D Fourier, and the same 
weighting scheme was used. 
The difference map showed a very smooth background electron 
density of between + .4 and - 4 £ 's 1-3. There were occasional 
peaks and hollows up to a maximum of about + 1E1-3 in the 
neighbourhood of histidine atoms, but the major features were a 
large hollow of -3.7 E 's 1-3 at .51 along x from the Ni, and a 
spherical negative peak of -3.2 E's 1-3 at 03. In addition there 
were prominent ripples surrounding the Ni atom. The strong 
negative peak near Ni was taken to indicate â nisotropic vibration 
of/ 
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of the Ni, although the absence of a corresponding high positive 
peak was rather puzzling. The negative peak at 03 was due to 
a 
the low B value of 4.0 A given to 03. 
Shifts were calculated in the three axial directions for all 
atoms from the formula:- [49] 
( Ax - p P ohs. 
0 
where AIL is shift in A along x 
c 
is gradient on (Fo-Fe) map (e A 
-4) 




is the electron density on an Fo synthesis ( E A -3) 
The gradients were measured roughly at the position of each atom, 




= 5.0 A -- was taken for all atoms. The shifts so 
calculated varied from zero to a maximum of '04 1 (C5), but on 
average were about '015 Á. The "double shift" rule [48] was 
applied, and the co- ordinates so derived are given in Table 5. 
The values of ( IFdI - IFc1 ) at each atom were mostly small 
(< '5 E's 1-3), and so the B values were not altered. The value 
for 03 was raised to B = 6.0 12 however. 
TARLE L 
Snliltinn and refinerent nf Ni ( h istjdi7.-e . "20 
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Structure Factors 
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Structure Fact7rs 
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19.7 
Rnund Hydrogens 
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rest. isntrnnic - 
3 
tt tt -.127 7.798 230 
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C3 .18/t5 -.1323 - .1250 
C' .2060 -.0250 -.0300 
C5 .1803 .1240 .0833 
C6 .2803 .0000 .0000 
r2 .1356 .0275 .0000 
1 ̀ .j. 3 .2617 .1011 .0425 
Cnnrdin_Etes after interpretatinr_ of 1st 3 -D F 
0 
- Fc map 
flt7r.: x/a y/b z/c 
Ni .0000 .0000 .0000 
Ci .0840 -.1828 .1068 
C2 .0916 -.1810 -.0931 
C3 .1869 - .1369 -.1284 
C4 .2046 -.0322 -.0436 
C5 .1757 .1176 .0739 
C6 .2801 .0186 -.0022 
N1 .0284 -.1188 -.1738 
Y2 .1356 .0111 . 0031 
r?3 .2612 .1023 .0553 
01 .0259 -.1182 .1757 
02 .1200 -.2489 .2087 
03 .0000 .0000 .4973 
32. 
(e) Refinement of the Structure 
The co- ordinates, with shifts applied from the 3 D (F0 - Fo) 
map, were now refined by least squares. The program used on 
Atlas was SFLS Diamond /Harding (see page q7) which uses a block 
t-eF; -ne-me-nt 
diagonal approximation. The course of least squaresAis shown in 
Table 4. 
Unfortunately it was not possible to omit the refinement of 
the z parameter of Ni, and at the same time refine its temperature 
factor as should be done. In fact z parameter shifts were 
computed for Ni but not applied. By symmetry the x and y 
parameter shifts for Ni and 03 were zero. In structures with 
floating origins, such as this one, the off- diagonal elements 
between co- ordinates of different atoms may not be negligible, 
and a full matrix refinement should be used if possible. However 
no full matrix SFLS program was readily available. The slow 
convergence of the refinement was probably due to this. 
The f- curves used were as follows: - 
01, 02 (carboxyl) - f02- ( average of f0 and f0 -) [50) 
03 (water) - f0 [50] 
N1 -3 - fN [51] 
01 -6 - f [52] 
Ni 
- fNi ++ without anomalous [53] 
dispersion correction 
The weight, w, given to each term was a function of Fo such 
that if Fo (absolute scale) L 80 then w = 1, and otherwise 
w/ 
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w = (80 /F )2. This resulted in the high values of Fo being 
given reduced weights, while all the low values had a constant 
weight of 1. It was rather an insensitive scheme, not bearing 
very much relation to the probable errors in Fo, but it was the 
only one available at the time. 
Throughout the refinement, co- ordinates and temperature 
factors of all atoms other than the hydrogens, were refined. The 
output of one round was always input to the next without 
application of any "partial shift factors ". 
In Rounds 1 and 2 shifts of about 012 I were computed (but 
not applied) for the Ni z parameter. In all subsequent rounds 
the shifts were negligible. The water molecule, 03, showed 
considerable oscillation in its z parameter and 'B' value, as may 
be seen in Table 4. This was probably due to 03 not occupying 
a fixed position in the crystal, but being statistically distributed 
over a small region surrounding its final position. This inter- 
pretation was supported by its high temperature factor of 5.3 12, 
and the wide positive peak found in the (Fo -Fc) map, (see page 3(,) 
All temperature factors were isotropic and no H atoms were included 
in Rounds 1 and 2. In Round 1 the average shift was ^' 02oÁ 
rising to a maximum of 08A for Cté (except for 03) . The 'B' shifts 
were large and negative, averaging 1.0A2. Round 2 showed a 
smaller average shift of'' .0171 with a maximum of 0L A for C2 
and the ' B' shifts had fallen to an average of '112. 
At this stage it was decided to put those H atoms into the 
structure/ 
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structure, whose positions could be fixed chemically. It was 
essential to do this before allowing anisotropic vibrations to 
an atom with hydrogen attached, as the vibration ellipsoid might 
be artifically elongated in the direction of the H atom. 
Positions were calculated for all except the two H atoms on Ni 
and the one unique H atom on 03. 'B' values equal to the 
isotropic 'B' values of the heavy atom to which the hydrogen was 
attached, were given to each H atom. Six such H atoms were 
included in Rounds 3 and 4 and the Ni allowed to become an- 
isotropic. The average shifts in co- ordinates were less than 
'008 Á and in 'B' values less than '1 12. The drop in R of 
- '86% over Rounds 3 and 4 was. rather low and disappointing, 
considering that the effect of the 6 H atoms and the Ni anisotropy 
should have made their effects felt on R. However the drop in 
ZwA 2 was 13'7%. 
In Rounds 5, 6 and 7 all but Nj and 03 (whose hydrogen atoms 
were not included) and the hydrogens were allowed anisotropic 
vibrations. As far as Round 5 the refinement seemed to be 
proceeding well, but Round 6 produced a 1'6% rise in Ew L2 and 
a 45ó rise in R. This was probably the result of two factors: 
(i) Lack of full matrix treatment in the refinement of an 
acentric structure with atoms in special positions. The off - 
diagonal terms which were not taken into account may not have been 
negligible. 
(ii) Use of an f -curve for the Ni ++ ion without allowance for 
anomalous/ 
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anomalous dispersion. The dispersion correction would subtract 
approximately 3 electrons from f, and would therefore have a 
large effect on the anisotropic vibrations of Ni. 
The co- ordinate shifts for Rounds 6 and 7 were on average 
about two- thirds of the shifts of Round 5. The maximum shifts 
were '007 Á (03, C6, N2) for Round 6 and 010 Á (06) for Round 7. 
There was quite a significant fall in scale factor, K (applied to 
Fo) , of 1'3% over Rounds 5 -7. The average shift : estimated 
standard deviation (E.S.D.) ratio was about 2 in both Rounds 6 
and 7 and the maximum shift ratios were: 
Round 6 -67(04), '79(c6), '53(C3) 
Round 7 1.0(01) 1-0(C6) '75(C4) 
The ratios for Round 7 seem to be slightly greater, but never- 
theless the co- ordinate E.S.D. of each atom was reduced to nearly 
half its previous value over the three last rounds, the ratio from 
one round to the next being fairly constant for all atoms. The 
values relative to those of Round 7 were:- 
Round 5 6 7 
E.S.D. ratio 1'64-2-15 1-15-1'27 1 00 
It is quite clear that parameters in this refinement have not 
converged properly to their true values, and further work remains 
to be done before the results can be published. A refinement using 
a corrected f curve for Ni + +, and preferably a full matrix least 
squares treatment, would probably give better convergence. However 
considering the average shift: E.S.D. ratio is 2, the light atom 
positions/ 
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positions are probably good enough to describe the structure with 
reasonable accuracy. 
The final co- ordinates, E.S.D.'s and vibrations output by 
Round 7 are given in Table 6. A list of observed and calculated 
structure factors (in the form Ao, Bo, Ac, Bc) is given in 
Appendix I. They were calculated with the parameters output by 
Round 6 and therefore correspond to R = 12.4 %. 
Final 3D(Fo -Fc) map. 
This was computed with the parameters output by Round 6 
(R = 12.4%) omitting the hydrogens. The R factor was 14'3%, and 
this rise of 1.9% may therefore be taken as the contribution of 
the 6 hydrogens to R. The hydrogens all had positive electron 
densities of about 25 E's A -3, but many of the peaks had very 
irregular shapes, and the peak maxima were often not in the 
expected positions. The major features were near the Ni atom and 
at 03. 03 occurred on a peak of about +1 e 1-3 on the difference 
map. This peak was very elongated along y and also slightly 
along z, but was very narrow in the x direction. This agrees 
quite well with the high vibrations of 03 in the y and z directions 
(see Table 6). The positive electron density may have been due 
to the omission of the hydrogen attached to 03, and also perhaps 
due to artificially high vibrations given to 03 because of the 
uncertainty in its position. 
The features in the difference map around Ni were rather 
peculiar, and were probably due to the poor f curve used for Ni, 
and/ 
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and the resulting distortions in the anisotropic temperature 
factors. Ni itself occurred at LS = 0, but there were well 
0 
defined ripples of wavelength 1 A along the y direction. Thus 
there were peaks of about -1 E 1-3 at 5 and 1'5 , and +1E173 
at 1.0 K along y. Along x, the ripples were less well defined 
but a positive peak of +1E1-3 occurred at 5 Á. Along z there 
were no comparable features. The whole pattern rather suggested 
strong anisotropic vibration of Ni, but the ripples were very 
sharp and narrow. 
TABLE 6 
??i (T^istidineJ2.720 Final Cnr,rdirctes an r.S.r.'s. 
At-ir x/a. 105E.S.D. s%/b 10'3.S.r. z/c 105E.S.D. 
ri .00000 , .00000 - .00000 - 
Ci .079.9 `2 -.18436 S8 .11481. 122 
9a 66 C2 .0 : 5 - .17$7$ 6!, - .081!, 1 3 
C3 .18802 61 -.1_3560 85 -.11916 150 
C!,: .202$ 51 -.03''2' .c -.04 254 13¢ 
C5 .1721 59 .11609 79 .06(;15 152 
C6 .28124 48 .01700 73 -.007E9 229 
71 .029),.4 42 - .11i,43 55 -.1788 140 
72 .13480 38 .09344 47 .00344 163 
rT? 25979 49 .15811 62 .05709 120 
01 .025 ç ' -.12070 5` .17534 90 
02 .11983 39 -.2481:; 51 . 20066 95 
03 .00000 - .00000 - .47795 290 
?-rydr72ens 
O 
X/&. r/b z/c 
( f"- ) 
Fl .0859 -.2499 -.1328 2.46 
u4 .2016 -.1326 -.2518 3.31 
7%` .2309 -.1897 - .0639 3.31 
H6 .1407 .1835 .1159 3.24 
u7 .3051 .1627 .0977 2.26 
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(f) Final calculations on the structure. 
(i) Bond lengths and angles 
Bond lengths and angles were computed using a program written 
by O.S. Mills (see page 98). The E.S.D.'s of bond lengths were 
calculated from co- ordinate E.S.D.'s (ignoring covariances) using 
Fraser Program 3/2. They are given in Table 7. 
(ii) Calculation of best planes and projections 
These were computed using a molecular geometry program (see 
page 97) which calculated the best planes by minimising the squares 
of the deviations from the plane. 
Best plane of imidazole ring (Fig. 4(1)). 
Equation: + 0455x - 5.073y + 7-111z + *1228 = 0 
Best plane of carboxyl group, i.e., 01, 02, C1, C2 (Fig. 4(ii)). 
Equation: + 11.30x + 8.505y + 19118z + 5355 = 0 
Best plane through Ni, N2', 01;NZ(Fig 5(1)). 
Equation: + 2.064x - 8.288y + 5.869z - 003 = 0 
The plane Ni', N2', N2, 01 is related by symmetry. 
Best plane through Ni, 0 1 , Ni, 01 (Fig. 5(ii)) . 
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(g) Description and Discussion of Structure. 
Nickel co- ordination 
The co- ordination is very nearly regular octahedral. Ni 
lies almost exactly on all three octahedral planes (see Fig. 5). 
01 and Ni show a slight twist from the best plane, the deviations 
from the plane being about 3(E.S.D.) and therefore possibly 
significant. Ni lies slightly towards the imidazole ring and 
01 away from it. The angles made by bonds to Ni are mostly within 
3° - 4° of the true octahedral values (see Table 7), but 
n n A 
Ni Ni 01 = 81°, Ni Ni Ni = 98° and 01 Ni 01 = 99°. 
The Ni - Ni (2.102 Á) and the Ni - N2 (2.094 1) bond lengths 
do not differ significantly, and agree well with the average, 
literature value for Ni - N (amino) of 2.104 1 (see Table 2). 
o 
The value of 2.109 A for Ni - 01 agrees with the literature trend 
which shows Ni - 0 (carboxyl) bonds (ay. 2.13 I) to be slightly 
longer than Ni - 0 (carbonyl) (ay. 2.01 Á) or Ni - 0 (water) 
(ay. 2.06 Á). 
Imidazole Ring 
The imidazole ring is planar within experimental error, all 
the five atoms lying at distances less than 1 E.S.D. from the best 
plane (see Fig. L;(i)). C3 however lies at 032 Á from this plane 
which is about 3 E.S.D.'s and therefore possibly significant. 
The Ni atom is 123 Á from the imidazole plane (cf. a distance of 
-15 Á was found in DL(histidine) 2 Zn.3 H2O [3].) The distances 
within/ 
within the ring are compared with the average found over the two 
zinc complexes [3,4] in Table 7. All are within 2 E.S.D.'s of the 
average except CG-N3 which is 076 Á short (C4 -C6 is rather long). 
It is also 045 P. shorter than the value in histidine hydro- 
chloride [14]. This is certainly significant, and may well be 
due to the rather special position of CG near the plane, x - O. 
n n 
There is a marked inequality of the angles C3 C4 C6 and C3 04 N2 
(132° and 124° respectively) - very nearly the same as in histidine 
hydrochloride [14], but different from the two zinc complexes where 
the angles are nearly equal. This would help to confirm 
Kretsinger, Cotton and Bryan's impression that there is considerable 
flexibility in this bond angle. 
Carboxyl Group 
01, Ci, 02 and 02 are all accurately coplanar (see Fig. 4(ii)), 
but Ni lies 324 Á from this plane. The "peptide group" is 
therefore not planar, as has been found also in L Zn(histidine)2 
2H20 [4] and also to a smaller extent in histidine hydrochloride 
[14]. The bond lengths are compared in Table 7. Only C1 -01 
( 035 Á long) and C1-02 (023 Á short) are without 1 E.S.D. of the 
average values, but C1 -01 agrees well with the histidine hydro- 
chloride value of 1.252 Á. The angle 01 Ci C2 is smaller by about 
4° and Ci C2 N1 larger by about 4° than those of other determinations, 




The conformation of the individual histidine molecule is 
similar to that in the two zinc complexes, except there has been 
a slightly greater rotation about C3 -C4 from the most favourable 
situation in histidine hydrochloride (cf. Fig. 6 WO) and Fig. 5 
of Harding and Cole [3]. Assuming the "peptide" group to be 
roughly planar and the imidazole ring and C3 to be coplanar, the 
conformation can be varied by rotation about C2 -C3 and /or C3-C4. 
The dihedral angle between the imidazole ring and the plane of 
C2, C3 and C4 is 23.0°. (Cf. 40° in the zinc complexes and 1 21 ° 
in histidine hydrochloride). This rotation is necessary to 
bring N2 into a position suitable for co- ordination to the metal 
atom. (Note that in both cases the imidazole ring does not 
quite rotate far enough to bring the metal atom into its own plane). 
In the nickel complex the rotation has been larger than in the zinc 
complexes, because the Ni atom has moved closer to 01 (the Ni -01 
bond being much stronger). In contrast, there seems to have been 
very little rotation about the C2-C3 bond in all determinations, 
although there seems to be no obvious reason why such rotation 
should not take place. The angle between the plane of the 
carboxyl group and the plane of C2, C3 and C4 is 56.1° in the 
nickel complex. 
NI -C2 Projection 
This projection is given in Fig. 6(1) and should be compared 
with/ 
42. 
with Figs. 2 and 3 of Donohue and Caron [14]. In histidine 
hydrochloride and the two zinc complexes, the conformation along 
the Ni-C2 bond is almost exactly staggered. Fig. 6(i) shows 
that in projection the Ni atom deviates by 26° from the staggered 
position. This must be the result of fewer degrees of freedom 
in the nickel complex, where Ni, N2 and 01 all bind strongly to 
an octahedral Ni atom. In the zinc complexes there is greater 
freedom since 01 binds weakly. The energies involved in co- 
ordination are, of course, much greater than those of hydrogen 
bonding, or of maintaining a staggered conformation. Fig. 6(i) 
shows that 02 takes up a position approximately tetrahedral to 
Ni and C2. The slightly long Ni- H2....02 hydrogen bond (2.99 1) 
could be connected with the departure from staggered conformation. 
Packing and Hydrogen Bonding 
Figs. 7 and 8 illustrate the packing and hydrogen bonding. 
The structure is dominated by hydrogen bonds, and Van der Waals' 
interactions play only a minor part in holding the crystal 
together. Considering a single Ni(histidine)2 molecule, it can 
be regarded as being surrounded by 14 others as follows: 
I. There are 4 A face- centred neighbours, (I), related by two -fold 
screw axes, at a distance of 7.5 Á (Ni -Ni). Each of these is 
bound by one hydrogen bond (2.99 Á) from either Ni or 02 of the 
molecule under consideration. The nitrogen binds to 02(I) and 
the oxygen to Ni(I) of the neighbour. As may be seen in the 
C -axis projection the carboxyl groups of neighbouring molecules 
are/ 
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are approximately parallel, and they therefore form parallel 
"sheets" extending along the c axis directly hydrogen bonded to 
each other. 
II. L. molecules, (II), related by the b glide, are centred 10.0 
away at the same 'z level'. Each of these is bound by one 
hydrogen bond (2.85 Á) from N3 to 02 (II) or from 02 to N3 (II) . 
These four bonds are roughly in a plane at right angles to each 
other, and this tends to prevent any movement in the plane normal 
to z. 
III. 4 molecules, (III), related by the a glide, are centred at 
o 
8.5 A away, but are not directly bound by hydrogen bonds. However 
their imidazole rings are quite accurately parallel to the 
imidazole rings of the molecule under consideration, and the 
perpendicular distance between the rings is 3.5 I (see a -axis 
projection). They are therefore in Van der Waals' contact and 
form "sandwiches" preventing movement along the z direction. 
IV. 2 molecules, (IV), are at 7.7 A (cell translation) along z, 
above and below. They are not directly bonded but are held in 
position by indirect hydrogen bonds to molecules I, Van der Waals' 
contact to molecules III, and by hydrogen bonding to the water 
molecule, 03, situated in the empty space between Ni atoms along 
the z -axis. 
Not counting the hydrogen bonds involving water (03), there 
are only two unique hydrogen bonds in the structure, i.e. 
N/ 
Ni - 112 




The Ni - 02(I) distance is 2.99 Á and N3 - 02(II) is 2.85 Á, both 
within the limits for a N(ammonium) - H 0 bond, the 
average literature value being 2.88 Á [54]. 02(II) lies in the 
expected position for a hydrogen bond with H7 of N3. It is only 
28 Á out of the plane of the imidazole ring (see Fig. 8) and 
C6 N3 02(II) = 119° and C5 N3 02(II) = 131 °. 02(I) is in a 
favourable position for bonding to H2 of Ni. The C2 Ni 02(I) 
angle is 109 °, exactly right assuming Ni to be tetrahedral. 
The situation of the water molecule, 03, may be studied by 
reference to Fig. 5(ii). It fills the gap between molecules along 
the z -axis, and lies almost half -way between the Ni atoms. There 
are four atoms within hydrogen bonding distance:- Ni and N; at 
3'03 A and 01 and 0; at 2.89 Á. There are no hydrogens available 
on 01 and therefore the 03 hydrogens must be used. The 01 03 Oj 
angle is 70°, and if both 01 and 0; are bonded at the same time 
(i.e. if the space group symmetry is strictly obeyed), the 
hydrogens must deviate from the 03 - 01 line by about 17.5° 
A 
(assuming H 0 H = 105 °). H3 on Ni is available for hydrogen 
A 
bonding but C2 Ni 03 = 143° and Ni N i 03 = 99.5° (N1 cannot, of 
course, accept a hydrogen from 03). H3 therefore deviates quite 
far from the Ni - 03 line, and this is probably the explanation of 
0 
the slightly longer than average bond length of 3.03 A. 03 has 
also two contacts of 3'32 Á with C6 of two neighbouring imidazole 
groups,/ 
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groups, and 03 lies almost exactly in the plane of these rings 
(see Fig. 8) . 
There is a certain doubt about the exact position of 03. 
During least squares refinement its z parameter oscillated badly 
and its temperature factor of 5.3 Á 2 is much higher than that of 
any other atom. Although, according to the space group, it must 
lie on the 2 -fold axis, there is no reason why this symmetry should 
be strictly preserved. It is quite possible to imagine that it is 
statistically distributed over a small volume of space and the 
orientation of its hydrogens is variable. This is supported by 
the evidence of the final (Fo - Fc) map (see page 36) which showed 
a positive peak of 1 E. Á -3 elongated along y and z. There was no 
elongation along x, and this is very probably the result of its 
contacts with CG which would prevent much movement along x. 
A possible explanation of these results is that 03 is not 
symmetrically bound to both 01 and 0', being bound strongly to one 
and perhaps only weakly to the other. This would relieve the 
large deviation of H from the 03 - 01 line, and also would account 
for the uncertainty of the position of 03 along y and z. There is 
no doubt, however, that the water is firmly held in the crystal - 
there was no evidence of disintegration at 150 °C. The water 
performs a "space filling'' rather than a "structure building" role. 
Vibrations 
There is significantly less vibration along x than along the 
other two directions. The isotropic 'B' values derived from B 11 
and/ 
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B 22 and B 33, are for Ni 2.46, 399 and 3.38 Á 2 respectively. 
The value for the light atoms are very variable and do not seem 
to have much physical meaning. 
47 
(h) Conclusions 
The crystals of Ni(histidine)2.H20 are composed of two kinds 
of complex: Ni(D histidine)2 and Ni(L histidine)2 related to each 
other by glide planes. Each histidine ligand is tridentate, and 
is co- ordinated to the nickel atom by the imidazole nitrogen(N2) 
the "peptide" nitrogen (N1) and a carboxyl oxygen(01). The bonds 
to Ni do not differ significantly in length, and agree with those 
quoted in literature. The co- ordination of Ni is very nearly 
regular octahedral. The two histidine ligands attached to Ni, 
are related by a two -fold axis passing through Ni, the two bulky 
imidazole rings being trans to one another, with 01 and 0-i cis 
t 
and also Ni and Ni cis. Comparison with the structures of the two 
histidine complexes [3,4] and histidine hydrochloride [14] 
shows a significant difference in histidine conformation, brought 
about by rotation about the C3 -Ct4 bond. Also the conformation 
along the Ni -C2 bond is not staggered as in other determinations, 
and this is probably due to the stronger binding of 01 and the 
fewer degrees of freedom in the nickel complex. The "peptide 
group" is not planar, the nitrogen deviating by about 3 A from 
the plane of the other atoms, as has been found elsewhere [4,14]. 
The crystal, which is very stable, is held together by an 
intricate system of hydrogen bonds, with Van der Waals' contact 
between parallel imidazole rings. The single water molecule does 
not hydrogen -bond in such a way as to help in binding molecules 
together, but seems to fill a vacant space in the crystal. 
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PART II 
DETERMINATION of the STRUCTURE of BIS(DIMETHYLDITHIOCARBAMATO) 
PYRIDINE ZINC. 
1. INTRODUCTION 
Bis(dimethyldithiocarbamato) pyridine zinc, (PZDC), belongs 
to a group of 5- coordinate complexes of zinc, which have recently 
been prepared by Higgins and Saville [55]. Some of these com- 
plexes are very active accelerators of vulcanisation of rubber by 
sulphur, and investigations of the mechanism of vulcanisation [55] 
are being done by the N.R.P.R.A. (Natural Rubber Producers' 
Research Association). The effect of amine co- ordination on Zn -S 
bonds and the nucleophilic properties of the sulphurs, is important 
in connection with the details of acceleration. Certain derivatives 
of this class have important biological properties such as promoting 
plant growth, and are therefore important in agricultural problems. 
There is also theoretical interest in the unusual 5- coordinate state 
of zinc, and the nature of the N -C bond in dithiocarbamates. 
1:1 Complexes are prepared by adding powdered zinc dialkyl- 
dithiocarbamate to a solution of the amine in warm benzene, and 
allowing to crystallise on cooling or evaporation. Most complexes 
are unstable and lose amine after a short exposure to air. The 
equilibrium constants for the dissociation of the 1:1 complexes 
have been measured by Saville [56]. Using this data, the relative 
affinities of various amines for the zinc can be compared. It is 
found that a rough sort of relation exists between amine basicity 
and/ 
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amine affinity for zinc, but the steric effects of the nitrogen 
substituents seem to be quite important. For example, comparison 
of the pKD (= -logio KD) values for pyridine and methyl substi- 
tuted pyridines, show that methyl groups in the 2 or 6 positions 


















In comparison with the relation that exists for other amines 
between basicity and affinity for zinc, pyridine has an abnormally 
high affinity for zinc. 
Zinc Co- ordination 
The Zn ++ ion has a completely filled 3d shell, and is therefore 
spherically symmetric. Its co- ordination geometry is therefore 
dominated by repulsions between bonding electron pairs, rather than 
repulsions between d -shell pairs and bonding pairs, as in most other 
transition metal complexes. 4- Coordinate Zn(II) complexes are 
common, and here the ligands take up tetrahedral positions that 
minimise repulsions between ligands. Typical examples are zinc 
blende, Zn S, and wurtzite, Zn O. For 6- coordination, the octa- 
hedral configuration minimises ligand electron pair repulsions, and 
all 6- coordinate Zn(II) complexes have this geometry. Some 6- 
coordinate Zn(II) complexes are described as having a tetragonal 
bipyramidal/ 
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bipyramidal configuration (e.g. zinc 8- hydroxyquinolate dihydrate 
[57]), but this closely resembles the octahedral case and can be 
derived from it by extension of the two axial bonds. 
Apart from complexes of the type (PZDC) discussed above, 
several examples of 5- coordinate Zn(II) are known [59,60,61,62,63] 
and the stereochemistry of 5- coordination has been reviewed by 
R.J. Gillespie [58]. The most favoured arrangement of 5 ligands 
is the trigonal bipyramid. In a molecule Zn X5 of this symmetry, 
the axial electron pairs are subject to three repulsive forces from 
equatorial electron pairs at 90 °. In contrast, the equatorial 
pairs have only two repulsions from axial pairs at 90 °. In theory, 
therefore, the axial bonds should be slightly longer. This has 
been observed in zinc terpyridyl dichloride [59]. 
The other less probable 5- coordinate geometry is that of a 
square pyramid, based on an octahedral arrangement of electron 
pairs, one of which is a lone pair. Bis- salicylaldehyde ethylene - 
di-imine zinc monohydrate [62] has this configuration, and it is 
interesting to note that a trigonal bipyramidal arrangement would 
not be possible for this tetradentate ligand. The complexes 
bis(acetyl acetonato) zinc monohydrate [60,61] and bis(N,N- 
diethyldithiocarbamato) -Zn(II) [63], both have configurations 
intermediate between trigonal bipyramidal and square pyramidal. 
Both complexes have bidentate ligands which probably make the 
trigonal bipyramidal form less favourable. 
Effect/ 
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Effect of amine co- ordination on Zn -S bonds 
The infra -red investigations of Higgins and Saville [55], 
suggest that amine co- ordination to Zn increases the ionic 
character of the Zn -S bonds, and the sulphur 3p electron 
availability according to the scheme: 
\I/ 
+ \- \ / N=C/ Z > / 
S 
A 
/N-C- : Zn . \.S.' 
C 
They attempted to justify this scheme by carrying out an 
experiment on the assumption that the increased electron 
availability would be accompanied by an increase in the sulphur 
nucleophilic properties. Diethyltrisulphide, Et2 S3, dispropor- 
tionates into Et2S2 and higher poly -sulphides under the influence 
of a nucleophylic catalyst. Experiments were therefore carried 
out using as catalysts piperidine zinc dialkyldithiocarbamates, 
as well as piperidine and the parent zinc complexes alone. It 
was found that the rate constants are much greater for the amine 
complexes,/ 
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complexes, again suggesting that electron shifts similar to those 
outlined above, take place on amine co- ordination. 
More direct evidence, however, is needed before this theory 
can be fully accepted. An increase in ionic character of the 
Zn -S bonds would almost certainly be accompanied by an increase 
in their length. Determinations of Zn -S bond length in various 
complexes are given below: 
Complex Zn -S Bond length Ref. 
Zinc blende 2.35 64 
Zn(II)di- 2- mercaptoethylamine 2.37(05) 65 
Zn(II)dichlorobisthiourea 2.35(01) 66 
mono -thiosemicarbazide Zn(II)dichloride 2.29(01) 67 
Bis(N,N- diethyldithiocarbamato) Zn(II) 2.33, 235, 2.38, 63 
2.44, 2.82(.004) 
The N-C bond in dithiocarbamates 
Considerable theoretical interest is attached to the connection 
between the nature of the N -C bond and the biological activity of 
dithiocarbamates. Various derivatives of the type R2N C S2.CH2.COOH 
possess high and specific anti -fungal activity and promote plant 
growth. Their activity is maximum for R=CH3 and decreases greatly 
when R is a higher alkyl. Kerk et al [68] have proposed that the 
activity depends on the occurrence of the structure:- 
Ñ C/S R/ 5- 
They/ 
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They go on to propose that this structure may only be formed if 
N is aided by the alkyl groups in its mesomeric electron release 
to give a partial N -C double bond, and this effect should be a 
maximum for R = CH3, and less for higher alkyls. In this way 
they explain the observed fall -off in biological activity. 
Later evidence has cast serious doubt on this theory without 
giving an alternative explanation of the activity. Chatt et al 
[69] in an infra -red spectral study of Cu dialkyldithiocarbamates, 
found no difference in the N -C stretching frequencies when R was 
varied from methyl to propyl, and they concluded that the N -C bond 
order must be approximately constant over the series. Also X -Ray 
determinations of the N -C bond length show it to be quite constant 
in a variety of complexes. 
Complex N -C bond length (Á) Ref. 
Ni(II) diethyldithiocarbamate 1.33 (015) 63 
Cu(II) 1-35 (017) 63 
1.35 (-017) 63 
Zn(II) 1°33 ( 019) áv. 63 
Cu(II) dipropyl 1.33 ('05) 70 
1.33 (05) 70 




The effect of amine co- ordination to zinc on N -C bond order 
in the dithiocarbamate ligands, has been studied by Higgins and 
Saville [55]. They noticed significant shifts of N -C stretching 
absorption bands at 1500 cm -1 to lower frequencies on co- ordination, 
and reached the conclusion that the N -C bond order is reduced in 
the amine complexes. They qualified this by noting that various 
unassigned bands in the I.R. spectrum also shifted to lower 
frequencies on co- ordination. The electron shift scheme that they 
proposed to account for this reduction of N -C bond order, is the 
same as that which produces greater ionic character in the Zn -S 
bonds (see page 5I). An X -Ray determination of N -C bond length in 
an amine complex is obviously required to settle this issue. 
Crystallographic work on metal dithiocarbamates 
(i) Bis(diethyldithiocarbamato) Zn(II) [63, 71] 
Two independent determinations have been done, but that of 
Vaciago et al [63] is probably more accurate. The zinc is 5- 
coordinate with four short Zn -S bonds and one long Zn -S bond of 
2.82 Á. The geometry is intermediate between a tetragonal pyramid 
and a trigonal bipyramid, and in the solid state it is a binuclear 
complex. 
(ii) Bis(diethyldithiocarbamato) Cu(II) [63,71,72] 
Three independent determinations have been made. It has the 




(iii) Diethyldithiocarbamato Cu(I) [73] 
The structure is built up of tetramers consisting of Cu4 
tetrahedra surrounded by four diethyldithiocarbamate molecules. 
(iv) Bis(diethyldithiocarbamato) Ni(II) [63,74] 
Two independent determinations have been made, but the results 
of Shugam et al [74] do not agree with those of Vaciago et al [63]. 
The latter are probably more accurate. The molecule is planar with 
Ni lying on a centre of symmetry. 
(v) Bis(dipropyldithiocarbamato) Cu(II) [70] 
A dimer with 5- coordinate Cu atom. There are four short Cu -S 
bonds and one long one, the structure being very similar to (i) and 
(ii) above. 
(vi) Bis(dimethyldithiocarbamato) nitroso Co(II) [75] 
Co has a square pyramidal co- ordination, with the NO molecule 
forming an unsymmetrical lî -complex with the Co atom. 
(vii) Bis (hexamethylenedithiocarbamato) Cu(II) [71] 
The Cu atom is 4- coordinate planar, and lies on a centre of 
symmetry. 
In all these determinations the group 
CSN 
C S 
of the dithiocarbamate ligand is planar. 
Objectives/ 
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Objectives in the determination of the structure of (PZDC) 
(i) To gather precise data about the 5- coordinate state of zinc. 
Only four other 5- coordinate zinc structures have been analysed. 
(ii) To ascertain the effect of amine co- ordination on the Zn -S 
bonds and whether the latter are rendered more ionic according to 
the theories of Higgins and Saville [55]. 
(iii)To study the effect of amine co- ordination on the N-C bond. 
This is important in connection with the biological activity of 
these compounds [69, 68] and also in connection with the observations 
on N -C bond order made by Higgins and Saville [55]. 
(iv) To study the stereochemistry of the compound, and to see whether 
the stability of other amine zinc dithiocarbamate complexes can be 
explained in terms of steric repulsion. 
57. 
2. INVESTIGATION OF BIS(DIMETHYLDITHIOCARBAMATO )PYRIDINE ZINC. 
(a) Description of crystals 
The crystals were prepared by Higgins and Saville [55] by 
adding powdered zinc dimethyldithiocarbamate (02 moles) to a 
solution of pyridine (ca 03 mole) in 20 -40 ml of benzene, and 
crystallising by evaporation, cooling or adding light petroleum. 
The crystals were large clear plates, with a cleavage parallel to 
b, which decomposed slowly when exposed to air, losing pyridine. 
The equilibrium constant for this dissociation measured in toluene 
solution was 9'35 x 10 -3 [56]. As part of thei* proof that the 
crystals contained a 1:1 complex, Higgins and Saville determined the 
amount of zinc present. They observed 17.0á in the crystals, and 
the theoretical value for C5H5N. Zn [S2CN(CH3)2]2 is 170ó. 
(b) Unit cell and space group 
By oscillation and Weissenberg photographs using a 5 cm. radius 
camera, the crystals were proved to be monoclinic. A value of b 
was found from a crystal set up about the b -axis, and values of a 
and c from a zero layer Weissenberg film calibrated by the shadow 
of knife edges at accurately known e -values. ß was as near to 
90° as could be told by inspection of high order reflections. 
The results were: - 
a = 12'93 (± '03) 
b = 8'94 (± '09) 1 
c = 14'15 (± .03) Á 
P = 90° 
V 
c 
= 1636 13 
The/ 
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The density was determined by flotation in a KI solution using 
crystals fresh from their mother liquor:- 
P obs = 1'535 (I- 001) g.cm-3 
The M.W. of the 1:1 complex is 384.9, and this together with Vc 
and 
P obs gives 
Z = 3.93. Assuming Z = 4, the calculated density 
is 1.563 g.cm -3. The rather low observed density may have been 
due to the partial loss of pyridine, but work proceeded on the 
assumption that there are 4 molecules in the unit cell. 
A zero and 1st layer Weissenberg indicated the following 
conditions of reflections:- 
h k l only for h + k = 2n 
h o l only for h = 2n, 1= 2n 
These conditions fit space groups C 2/c (No. 1.5) and Cc. Both 
space groups have the additional condition that the o k o's are 
present only for k = 2n. This was not experimentally checked. 
It is possible to fit 4 molecules into the unit cell in both 
space groups. In Cc (non -centrosymmetric) all atoms would have to 
lie on general (4 -fold) positions. In C2 /c (centrosymmetric) there 
are 8 -fold general positions and 4 -fold special positions on two -fold 
axes and centres of symmetry. Since the complex cannot have a 
centre of symmetry at Zn, it must lie on the two -fold axis if the 
space group is C 2 /c; i.e. the two -fold axis must pass through Zn, 
Ni and C3 of pyridine. 
No choice could be made between the two possible space groups 
at this stage. 
(c)/ 
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(c) Analysis of the b -axis projection 
A crystal was rolled on fine emery paper to the shape of a 
cylinder parallel to the b -axis and the cleavage. It had 
diameter .45 mm and was 1.7 mm long. It was coated in collodion 
to prevent decomposition. A series of zero layer intensity 
photographs were taken about the b -axis (5 cm. radius camera) with 
Cu Ka radiation. The intensities were measured by visual com- 
parison with an intensity strip, and were LP corrected by hand. 
An absorption correction was applied, taking u - 67.6 cm -1 and 
using the tables for cylinders given by W.L. Bond [44]. The data 
was rather limited and high orders were very weak. There were 
only four reflections measured with sine > 70. 
Unsharpened Patterson 
This is shown in Fig. 9. In both C 2/c and Cc the unit cell 
translations are halved when projected down the b -axis. The 
unique area of the Patterson is therefore 8th of the whole projected 
cell. It was originally hoped to be able to distinguish C 2/c and 
Cc using this Patterson. If the space group is C 2/c then only 
two unique Zn -S vectors should occur on the Patterson ; while in 
Cc there should formally be four. Of course there might easily be 
overlaps, and it might be difficult to distinguish four separate 
Zn -S peaks. In fact the Patterson shows only two peaks which could 
be Zn -S vectors and there is no visible splitting of either of them. 
Both are round and of good shape. This evidence strongly favours 
C 2/c (but does not prove it) and further work therefore proceeded 
on/ 
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on this assumption. 
Fourier Refinement 
Structure factors were calculated with 5 atoms: Zn, Ni and 
C3 of pyridine at OA; Si at '032, '431; S2 at '165, 259. The 
sulphur positions were obtained from the Patterson. The R factor 
was 31.8 %. The signs were used to phase a Fourier calculated 
with the observed F's. The result is shown in Fig. 10. It 
strongly resembles the Patterson synthesis, thus supporting its 
interpretation. There are peaks in reasonable positions and about 
the correct height for the light atoms of the molecule. The 
elongation of the ZnNiC3 peak in a direction between Si and S2 was 
interpreted as Ci and C2 of pyridine. It is interesting to compare 
this fourier (see Fig. 10) with the final structure projected down 
its molecular two -fold axis (see Fig. 18). The peaks for some of 
the light atoms appear to be slightly off their expected positions, 
but no significance should be attached to this. 
Three further rounds of Fourier refinement (S.F's followed by 
Fo -Fc maps) were done putting all the light atoms into the calculation. 
The agreement between F 
o 
and Fe improved considerably (R fell from 
31.8% 4 26-9% 4 22-6% 4 20'0%). The difference maps indicated 
fairly small shifts in the S parameters, but the C and N shifts were 
very large and did not seem to make chemical sense in some cases. 
No great reliance was placed on them. The positions of C6, C7 and 
08 were especially doubtful. This lack of accuracy in light atom 
parameters was almost certainly due to the rather limited data 
available/ 
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available which did not go out to the edge of the copper limiting 
circle. 
The final co- ordinates (giving R = 20'0ó) are given in 
Table 8, and a list of Fo and Fc in Appendix II. 
(d) CONCLUSIONS 
The doubt about the light atom positions in the Fourier 
refinement of the b -axis projection, showed that the data was not 
good enough to be able to locate them with sufficient accuracy. 
The analysis could have been carried into three dimensions, but 
there would still be inaccuracies in the light atom parameters due 
to the weakness or absence of the high order reflections. So 
attempts were made to recrystallise the complex. It was noticed 
at once that on recrystallising from a large excess of benzene, 
fine needles were obtained that gave good X -Ray photographs. The 
analysis of the b -axis projection was therefore abandoned. 
Few conclusions of any interest can be drawn from this analysis 
itself. However comparison with the projection down the molecular 
two -fold axis of the complex (see Fig. 18) reveals some interesting 
points: - 
(i) The b -axis Patterson and Fourier (Figs. 9 and 10) show 
quite a good agreement with the final structure, as determined in 
the crystals with benzene of crystallisation. The heavy atom 
positions agree well, but some of the light atom peaks, especially 
C7 and C8, are slightly off their expected positions. But there 
can be no doubt that in these crystals the molecular two -fold axis 
lies/ 
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lies parallel or very nearly parallel to the b -axis. There is 
only one significant difference - the orientation of the pyridine 
ring. Both the Patterson and the Fourier indicate that the 
pyridine plane passes between Si and S2, an orientation about 90° 
from that in the crystals with benzene of crystallisation. 
(ii) The final analysis shows that the complex can probably 
possess exact two -fold symmetry in solution, although it does not 
in the crystals with benzene of crystallisation. It is very 
likely therefore that it will crystallise on a crystallographic 
two -fold axis whenever possible. This isstrong evidence for C2 /c 
as opposed to Cc. However it does not constitute proof. There 
is still the possibility, however unlikely, that the true space 
group is Cc. The two space groups are closely related. If 
objects of two -fold symmetry are placed in space group Cc with 
their axes parallel to b, the symmetry is transformed to that of 
C2 /c. It is clear that if the objects are not exactly symmetric, 
the symmetry cannot be exactly C 2 /c, although it must closely 
resemble it. Undoubtedly the symmetry of these crystals is very 
near to C 2 /c, but this cannot be taken as proof that the complex 
possesses an accurate two -fold axis. 
There does not seem to be any method capable of distinguishing 
the two space groups in a case like this. The statistical test of 
intensities would certainly indicate a centrosymmetric structure. 
(iii) Packing. 
The structure consists of sheets of molecules perpendicular to 
the/ 
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the c -axis. One sheet is related to the next by the c glide, 
but due to lack of knowledge of the y co- ordinates, the inter- 
actions of one sheet with the next cannot be described in detail. 
However it can be said that their methyl groups are in contact, 
and one sheet "lies" on the methyl groups of its neighbour. 
The packing within a sheet is of course face centred. The 
distance from C3 of pyridine to Zn along y is 4.1 5, and the 
pyridines therefore fit into the "pocket" of sulphur atoms of the 
molecule next along the y axis. Each pyridine probably has two 
contacts with methyl groups of C face -centred neighbours, one on 
either side. There are no pyridine -pyridine contacts as in the 
crystals with the benzene of crystallisation. This packing 































3. DETERMINATION OF THE STRUCTURE OF BIS(DIMETHYLDITHIOCARBAMATO) 
PYRIpINE ZINC WITH BENZENE OF CRYSTALLISATION 
(a) Preparation of crystals 
Pyridine zinc dimethyldithiocarbamate crystals prepared by 
Higgins and Saville [55], were taken and dissolved in excess of 
boiling benzene. They dissolved quite easily but much more readily 
when a few drops of pyridine were added. Fine transparent needles 
appeared when the solution was cooled, which decomposed in a few 
minutes on exposure to air, becoming white and opaque. This was 
probably caused by the loss of the benzene of crystallisation and 
the breakdown of the lattice. The crystals had a very suitable 
shape for photography, the monoclinic b -axis being parallel to the 
needle axis. They varied greatly in size and small ones of 
suitable cross section could easily be picked out. After a few 
trials a method was developed of inserting them into "Pantak" tubes 
of diameter <1 mm and sealing the tubes with picien wax. A small 
quantity of pyridine was put at one end of the tube away from the 
crystals, and in this way crystals could be kept for several weeks 
provided the temperature was not too high. The crystals adhered 
to the side of the tubes without adhesive, since they were 
so small. 
The "Pantak" tubes had extremely thin walls and photographs of them 
alone showed little scattering. 
The crystal used for intensity work and determination 
of 
accurate cell dimensions was a needle 1.053 mm long. 
It had a 
very nearly, indeed almost perfect, cylindrical cross 
-section of 
diameter 1442 mm. This was the result of equal development of 
numerous/ 
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numerous [010] zone faces. 
(b) Space Group 
photov a ph s 
Equi-inclination Weissenbergx taken about the b -axis of layers 
0 -4, indicated only one condition of reflection: 
h o 1 only for 1 = 2n. 
This proved the presence of a c glide plane. The symmetry of the 
photographs proved the crystals to be monoclinic, and these facts 
limited the space group to one of: Pc, P2 /c and P21 /c. A zero 
layer Weissenberg taken about the [101] zone axis, however, 
showed another condition: 
0 k 0 only for k = 2n. 
This proved the presence of a two -fold screw axis parallel to b, 
and thus determined the space group to be P21 /c. 
Unit cell measurement 
Accurate values of a *, c and ßm were obtained from a zero 
layer Weissenberg taken about the b -axis with Cu K a radiation. 
The technique used was the same as that described on page 11. 
The calibration with copper wire lines on top and bottom of the 
film, gave a value of '05008 cm /degree for the conversion factor. 
There were rather few reflections of sufficient intensity of the 
type h o o and o o 1, but enough were found to give reasonable 
straight lines (see Figure 11). 
The extrapolated values of a* and c* were: 
a* = '12602 M.P.E. _ ± 00008 
Cu Kai 
cm = '07932 M.P.E. = ± '00008 
An/ 
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An accurate value of e was obtained from the 12.0.22 reflection 
whose sin e = 9929, and which was therefore particularly sensitive 
to changes in ß The cosine formula was used to derive an 
expression for sine and the experimentally determined values of 
am and cm substituted. 
cos ß so obtained was 2632 (± .0013) 
A value of bR was measured from a zero layer Weissenberg taken 
about the [101] zone axis. One of the copper wire calibration 
plots is shown in Fig. 12 as an example. The extrapolation for 
b is shown in Fig. 11. There were only two reflections (0.8.0 
and 0.10.0) available for accurate measurement, so a photograph was 
taken with white radiation and ß spots were used as well. Also 
the reflections 1.9.1 and 2.10.2 whose sin e values are not 
sensitive functions of ate, c and ßm, were measured and used in the 
plot. The extrapolated value was: - 
b = 7.966 X M.P.E. = ± .004 Á 
ie bm = '1934 M.P.E. = + 0001 (Cu Ka1) 
The final unit cell dimensions which were used throughout the rest 
of the work are given in Table 9. 
Density 
The density was measured by flotation in an aqueous solution 
of KI, using fresh crystals: 
( obs = 1'422 (± 004) g. cm -3 
Assuming a cell contents of 4 molecules of the complex (M.W. = 384'9) 
and/ 
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and 2 benzenes(M.W. = 78.1), the total "cell molecular weight" 
would be 16958. Vc, the measured cell volume, is 1961 1.3 and 
when combined with 
I 
obs gives an observed "cell molecular weight" 
of 1679'5. The density calculated from the assumed cell contents 
and Vc is 1.436 g. cm -3. The low value of robs was probably due 
to loss of benzene, and despite this small disagreement, work 
proceeded on the assumption of 4 molecules of the complex and two 
of benzene in the unit cell. 
Two conclusions could then be drawn: 
(i) The atoms of the complex must all lie on general equi- 
valent positions. 
(ii) The benzenes must lie on centres of symmetry. 
Linear absorption co- efficient 
The calculated value off for Cu Ka radiation (see page 15) 
is 57.0 cm 1. More than two -thirds of this is due to the sulphur 
atoms. 
(c) Collection of Data 
Partial 3- dimensional data was collected from the crystal 
described on page G4, set up about the b -axis. The X -Ray tube, 
camera and film technique were exactly the same as that described 
on page 16. Equi- inclination photographs were taken of layers 
0 -4 using long exposures up to 50 hours and packs of 4 Industrial 
G films. The fourth layer had an inclination angle of /" = 23.0° 
and 
$ 
_ .78, so it would have been quite possible to continue 
photographs/ 
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photographs up to layer 6 (ft.= 35.8 °); but there already was a 
very large amount of data on layers 0 -4. 
The films were indexed quite easily by inspection, and the 
intensities measured using an intensity strip specially prepared 
from a strong reflection of suitable shape. Intensity measurement 
and inter -film scaling was done in exactly the same way as for 
Ni(histidine) 2. 
Spot shape correction 
(See page 18 for theory). Quite severe distortions of low 
5 
spots were present on layers 0 -4, becoming worse on higher layers 
of course. This was attributed to the great length of the 
reflections coming from a crystal 1 mm long. If the extended 
intensities only had been measured, they could have been as much 
as 50% too low in some cases. Contracted and extended spots were 
therefore measured on either side of the film for a large selection 
of spots (30 -50) on each layer. Ratios of It /Ie were obtained for 
each spot and plotted against . The spread of the points was 
not large and fairly good curves could be judged. The curves for 
layers 1 -4 are shown in Fig. 13 along with the spread of points in 
a typical case (layer 3). These curves were then used to correct 
le values, except for the selection of spots whose Ic values had 





Since the crystal used was an almost perfect cylinder, an 
accurate allowance for absorption could be made. The tables for 
Cylinders given by W.L. Bond [44] were used with ).R = .406 for 
the zero layer. The absorption correction factor, AR, showed a 
maximum variation of 12% between e = 0° and e = 90° (see Fig. 13) . 
This is certainly significant, and proves that it is well worth 
applying an absorption correction to the data. The curves for 
higher layers were obtained by using .R sec v (v = equi- inclination 
angle) instead of /1R, and plotting against 
5 
instead of e . 
The higher layer curves showed very little difference from the zero 
layer curve. The curve for each layer was combined directly with 
the spot shape curve for that layer (which was also plotted against 
), and the function replotted against sine . 
L.P. correction 
All the data was L.P. corrected on Atlas using a program which 
was also capable of applying a modification function. Spot shape, 
absorption and L.P. correction were therefore all done in a single 
round of computation. At this stage each of the layers 0 -4 was 
still on an arbitrary scale. 
TABLE 9 
SUMMARY OF DATA FOR 
Space 
a = 
BIS(DIMETHYLDITHIOCARBAMATE) PYRIDINE ZINC. 2 BENZENE 
group: 
12.670 
monoclinic P 21/c 
(± .008) Á 
0 
b = 7.966 (± .004) A 
c = 20.134 (± .020) Á 
ß = 105.27° (+ .06°) 
Vc = 1961 13. 
Unit cell contents : 4 molecules of C11 H17 S4 N3 Zn 
2 molecules of C6 H6 
Density observed = 1.422 g.cm -3 
Density calculated = 1.436 g. cm -3 
Linear absorption coefficient, 
/LL 
= 57.0 cm 
Total unique observable reflections inside Cu limit = 4590 approx. 
Total observed reflections (k = 0 to 4) 
Total unobserved reflections (k = 0 to 4) 



























(d) Solving the structure 
The general strategy was to determine the positions of the 
zinc and the 4 sulphur atoms in three dimensions, using the (010) 
and (101) projections. A three dimensional Fourier with observed 
F's and heavy atom phases, then showed all the light atoms clearly 
in reasonable positions. The structure is a fairly favourable 
one for application of the heavy atom method. r(= E F 2 ) - 1.67. 
L 
Now the percentage of structure factors having the same sign as FH 
(the S.F. of the heavy atoms) is a function of r [45]. For r = 
1.67 the percentage is about 88%. With this fairly high percentage 
of correctly signed structure factors, it is not surprising that 
the Fourier phased on the heavy atoms, showed the light atoms with 
quite good resolution. 
(i) (010) Projection 
The projection down the y -axis (b - 7.966 Á) was a very favour- 
able one with few overlapping atoms. The only bad overlaps were 
Cg and S4, N3 and Cll. The zinc and sulphur positions were found 
initially from a sharpened Patterson and then refined by Fourier 
methods. 
Patterson Function 
Both sharpened and unsharpened Patterson projections were 
calculated. The sharpening function was calculated by averaging 
F2 values over ranges of sin 2 e and plotting the mean, 
< F2 ? 
against < sin e > , and then choosing a function so as to 
make this 




sharpening to point atoms. The two Pattersons were very different, 
the unsharpened one showing very large smooth peaks and no detail, 
while the sharpened one had very sharp narrow peaks many of which 
did not appear at all on the unsharpened version. The rather 
extreme sharpening function produced a few spurious peaks which 
were recognised as such later on. The largest vector peak, apart 
from the origin, present on both versions, was 2.4 Á from the 
origin and was rather distorted. This was very unlikely to be the 
Zn -Zn vector because the packing along the b -axis would not allow 
it. The next largest vector, still about twice the weight of any 
other vector, at a distance of 6.8 . from the origin, was therefore 
taken to be the Zn -Zn vector. A superposition on this peak then 
reasonable sulphur (almost the correct ones). At 
this stage the ideas gained about the structure from the first 
analysis were very helpful. The large distorted peak at 2.4 Á 
was explained as two superimposed Zn -S vectors. Possible peaks 
for the pyridine were noticed but they were not very well defined. 
From the positions of the sulphur atom, the pyridine axis had to 
lie roughly in the plane of projection. 
Structure factors and Fo map 
Before structure factors could be calculated, the temperature 
factors of the atoms had to be estimated. A Wilson plot (see 
Fig. 14) gave an overall value, B = 3.0 12 which was given to zinc 
and the four sulphur atoms in the positions determined from the 
Patterson/ 
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Patterson. The agreement shown between Fo and Fe was fair, high 
values of Fo being matched for the most part by high Fc.R = 45.9 %. 
Before computing the Fo Fourier, those large Fo values whose 
signs were doubtful (i.e. whose Fe values were low) were eliminated 
from the list. The Peaks for Zn and S atoms were approximately 
o 
the correct height and small shifts of about .1 A were indicated. 
Booth's method [47] was used to find the maxima. Peaks of about 
o 
2 -3 £'s A 3 were in the expected position of pyridine, indicating 
the ring to lie at a small angle to the plane of projection, but 
C3 and C4 peaks came up rather far away from their true positions. 
C6 and N2 had peaks of 2 E 's Á -3 but C7 and Cg did not come up well. 
C9, Cii, N3 and S4 were all coalesced into one large distorted peak, 
and there was rather a misleading spurious peak about .5 Á from Cll. 
Cio had a good peak of 2 E 's 1-3. The benzene molecule was quite 
well resolved with peaks of 2 -3 E's 1-3, but as might be expected 
there was a spurious peak on the centre of symmetry. Of the light 
atoms, the pyridine positions were the most reliable, and C6 and C9 
could be fixed by the positions of the sulphur atoms, and so these 
were used to phase a second round of structure factors followed by 
a Fo -Fc map. 
Structure factors and Fo -Fc Map 
Structure factors were computed putting Zn, Sj the atoms of 
pyridine, C6 and C9 in the positions determined from the Fo map. 
All were given B = 3.0 A2 R = 36.8 %. The Fo -Fc map was computed 
eliminating all large Fo values whose signs were doubtful. A 
shift/ 
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shift of .05 A was indicated for Zn, .06 Á for S2, .04 Á for S4, 
and smaller shifts for S i and S3. Shifts for the pyridine atoms 
varied from Zero (NO to .25 1 (CO. Except for N3, C i o and 07, 
positive peaks corresponding to atoms not put into the S.F. 
calculation were rather poor. However taking the evidence of 
this difference map and the preceding Fo map, reasonable positions 
were inferred for all atoms except Cll. 
Structure factors and Fo map (see Fig. 15) 
All atoms except Cii were included in this calculation, all 
'B' values again being taken at 3.0 12. R = 22.7%. The Fo map 
calculated using all the terms is shown in Fig. 15. All atoms 
appear with separate maxima except 09 on the S4 peak and Cii on the 
N3 peak. The peaks are all about the correct height but some of 
the light atom peaks are rather distorted, especially C5 which lies 
rather close to the two -fold screw axis. The benzene peaks around 
the centre of symmetry indicate the benzen ing to lie at a small 
angle to the plane of projection. The Fourier clearly shows the 
large unoccupied region surrounding the benzene. 
Conclusions from the (010) analysis 
The evidence of the R factor (= 22.7%) and Fo map proved 
beyond doubt that the zinc and sulphur positions were correct. 
Their refined x and z parameters were later used to phase a 3 -D 
Fo map. Although the x and z parameters of most of the light 




again in later refinement. This surplus information was, however, 
very helpful in interpreting the 3 -D F 
0 
map. 
(ii) (101) Projection 
With some difficulty a crystal fragment was sealed in a 
"Pantax" tube and orientated about the [101] zone axis, giving a 
very long projection of about 20.6 Á along the long diagonal of the 
cell. The dimensions of the projected cell were 7.966 Á x 11.85 Á. 
It is not surprising that little success was achieved with this 
projection, and recourse had to be made to a generalised (010) 
Patterson projection to settle the y parameters of the heavy atoms. 
The crystal had a very irregular shape, but was roughly 
spherical with a diameter ranging from .28 to .20 mm. Absorption 
was therefore quite large and difficult to estimate, and no great 
reliance could be placed in the intensities. None of them were 
used in the final refinement, and there were too few (^'100) to give 
good inter -laying scaling. 
A Patterson, sharpened to point atoms was first computed. The 
symmetry of the projection was pgg and so the symmetry of the 
Patterson was pmm. From the x and z parameters a Zn -Zn vector had 
to lie on a line parallel to y and distant .5 Á from y. There were 
only three possibilities:- (i) on the edge of the origin peak, 
(ii) on the edge of a very weak peak at y = .3 and (iii) on a weak 
peak at y - .5. None of these was very convincing. 
To help with the interpretation of the Patterson a generalised 
(010) Patterson projection was computed with k - 1 data. The data 
was/ 
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was unsharpened. It was compared with the (010) unsharpened 
Patterson and the relative y parameters of the Zn and sulphur 
atoms calculated. Zn, Si and S4 were found to have roughly the 
same y parameters. 
The Zn y parameter indicated the weak peak at y - .3 on the 
(101) Patterson projection to be the Zn -Zn vector. A very large 
peak at about (.27, 2) agreed with this interpretation, the peak 
being a Zn -Zn vector between c glide related molecules. Another 
very large distorted peak at (2, 2) was in the expected position 
for the remaining Zn -Zn and Zn -S vectors. A superposition done 
on the peak at (.27, 2) indicated some reasonable sulphur y 
parameters that were in rough agreement with those derived from 
the generalised (010) projection. It was difficult to fix the 
0 
sulphur y parameters to within .3 A and Si, Zn and S4 overlapped 
rather badly. 
The y parameters of the zinc and sulphurs were next refined 
by two rounds of structure factors followed by Fo -Fc maps. No 
shifts were made in the x and z parameters which were more 
accurately determined from the (010) projection. In the first 
round the shifts calculated were: - 
0 
Zn .04 A; Si, S2, S3 about .08 Á and S4 .14 A. 
o 
The second round shifts were much smaller - about .03 A on average 
- indicating the parameters to have settled down. The (101) data 
was not good enough to be able to detect any light atoms on the 
difference maps. 
The very weak, practically absent, Zn -Zn vector of the 
Patterson/ 
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Patterson was probably due to the rather severe sharpening function 
used, and perhaps also absorption in the crystal. 
Zinc and Sulphur positions from the (010) and (101) projections 
x/a y/b z/c 
Zn .3195 .6655 .3342 
S 1 .2147 .6698 .2010 
S2 .2047 .4203 .3202 
S3 .2778 .9347 .3647 
S4 .3867 .6888 .4678 
(iii) 3 -D Fo Map phased on zinc and sulphurs 
Before structure factors could be calculated, more accurate 
temperature factors were obtained for each layer by doing Wilson 
plots 76] . I  [ . Logic 
<FZ> 
values were calculated over ranges 
of .1 in sin2 6 and the values plotted against sin2 e . Fairly 
good straight lines were obtained (see Fig. 14). The 'B' values 
calculated from the gradients were 3.05 12 (k = 0), 3.76 1.2 (k = 1), 
3.20 A2 (k = 2) and 4.44 A2 (k = 3). These values are similar to 
the final isotropic B values for the heavy atoms. 
No suitable program was available to calculate structure factors 
for P21 /c, so a program was written in Atlas Autocode to do this, 
and scale the layers separately to Fc, taking the scale factor to 
IFJ be 
E Fo I 
factors were then calculated putting the Zn and four S atoms in the 
positions/ 
(Fraser Program 2/5, see page 98). Structure 
77. 
positions given above, giving to each atom the overall B value 
determined for each layer. The data input to the computer was 
on a scale determined for each layer from the intercept of the 
Wilson plots. The scale factors evaluated on scaling to Fe were 
2.60, 1.63, 1.72 and 2.10 for layers 0 to 3 respectively. 
The Wilson plots therefore greatly underestimated the true 
scale of the data. These scale factors themselves were an under- 
estimate since only the heavy atoms were included in Fe. The 
overall value of R was 39.6% and varied from 35.9% for k = 0 data 
to 42.1% for k = 4 data. 
The signs of this calculation were used to calculate a 3 -D 
Fo map on Atlas using Harding program 7/2. All large Fo values 
whose signs were doubtful were omitted. Sixteen sections were 
taken at intervals of c /60 from z = 0 - and values were computed 
at intervals of a /60 along z (0 - 1) and b/15 along y (0 - 1). The 
line printer output sheets were contoured directly although there 
was some distortion. 
All atoms, except hydrogens, appeared with fairly reasonable 
electron densities in their expected positions. The peak electron 
densities ( E 's 1-3) by interpolation were: - 
Zn 40.5, S from 21.1 to 22.9, N from 5.2 (N2) to 5.4 (NO and 
C ranging from 2.5 (Cs) to 4.9 (CG) . The positions of maximum 
peak density were determined using Booth's method [47] and a 
correction applied to x/a and z/c parameters to allow for the 
skewness of the axes. The x/a and z/c parameters of the light 




For the heavy atoms, however, it was doubtful which were more 
accurate, and so the two sets of values were averaged. The 
refined y/b values from the (101) projection were certainly more 
accurate than those from the 3 -D Fo map (the interval of evalua- 
tion along y was b/15 = .53 1, giving rather a large interpolation). 
Finally revised 'B' values were estimated for each atom taking into 
account the peak height and the probability of high or low 
vibration at its position in the molecule. 
As a check on whether these positions made chemical sense or 
not, bond lengths and angles were calculated. All atoms seemed 
to be in reasonable positions, although some bond lengths (e.g. in 
and benzene) differed by nearly .2 1 from the theoretical 
values. However no attempt was made at this stage or at any time 
in the refinement, to alter the co- ordinates to make them fit the 
expected structure. It is very likely that if a compromise had 
been used between the calculated and expected co- ordinates, the 
convergence to the final parameters might have been quicker, and 
fewer rounds of least squares would have been required. 
Structure factors and 3 -D Fo-Fe map. 
The co- ordinates and 'B' values of all 22 unique atoms were 
used to calculate structure factors using Fraser program 2/5, scaling 
each layer separately to Fe. The overall R factor was 19.7% 
(omitting unobserved reflections) and the R factors for layers 0 -4 
were respectively: 15.3, 15.6, 19.4, 23.4, 27.3. These values 
reflect/ 
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reflect the expected rise in R with 6 (a greater proportion of 
high e spots on upper layers) and also the greater errors in the 
intensities due to spot shapes on upper layers. Increases in 
scale factor (applied to Fo) for each of the layers 0 -L4 were 
respectively 1.2%, 14.7 %, 6.4%, 11.0% and 5.6 %. 
The signs of this calculation (all terms included) were used 
to calculate a 3 -D Fo -Fc map in exactly the same way as the 3 -D 
Fo map. This showed a background electron density of between 
° -3 ± .5 E s A , with some larger positive and negative areas near 
the heavy atoms. Gradients were measured at each atom along the 
three axial directions and shifts computed as given on page 31. 
Values of 
( 
were obtained from the Fo map by plotting log 
P 
against 
r2 (P = electron density at distance r from atomic centre) in a 
number of typical cases, for Zn 
p 
= 6.2 Á -2, for S , 4.7 to 6.3, 
0 
for C 1+.3 to 6.6, for N2 7.4. The shifts were Zn .009 A , 
S i .045 Á, S2 .015 1, S3 zero, Sty .019 ., and light atoms an 
average of .015 Á in the xz plane and .03 Á in the y direction. The 
largest shift was .18 Á for Cg. The 'B' values of each atom were 
revised by taking the value of at each atom, and relating this 
to a set of theoretical f curves for each atom at different 'B' 
values. 
The effect of making these shifts was to produce a fall in R 
from 19.7% to 17.2%. 
80. 
(e) Least squares refinement 
The process of seven rounds of least squares refinement which 
produced convergence, is summarised in Table 10. The f curves 
used were as follows:- 
Zn (atom) anomalous dispersion corrected - Dauben [77] 
S ( atom) It It It 







- Vaciago [78] 
Hoetni and Ibefis 
[51] 
- Berghuis [52] 
- McWeeny [79]. 
Throughout all rounds, terms too weak to be observed were 
omitted. The first three rounds were done on Mercury using a 
program written by J.S. Rollett (see page 97). The weighting 
scheme (No. 1) used,took w as a function of such that w 
F 
if IFoI 4: F and otherwise w = IF Io FR was taken at 
0 
MAX 
.14 Fo, so that very large terms had weights approaching .14, 
and very low Fo terms had correspondingly low weights. The 
temperature factors were kept isotropic and no hydrogens were 
included. The small drop in R from 17.2% to 17.0% produced by the 
first round was caused by the scale factor, k, input to the first 
round that was 12.6% too high. This error in k was mostly caused 
F 
by scaling to Fc using j , when the Fo list contained a large 
0 
number of zeros, but also in part by underestimated temperature 
factors. The first round produced a large negative shift in k, 
and the second round large positive shifts in B for all atoms 
averaging + .8 12. These corrections were mostly responsible for 
the/ 
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the large drop in R from 17.0% to 12.73% produced by Round 2. 
Refinement was stopped temporarily after Round 3 in order to 
improve the relative scaling of the layers. At the same time it 
was convenient to put the data on magnetic tape. A modified 
version of Fraser program 2/5 was written which would transfer 
data to magnetic tape, and this was run on Atlas at N.I.R.N.S., 
Harwell. Previously the layers had been scaled to Fc just before 
the 3 -D Fo -F 
c 
map. The scale factors relative to those were: 
.897, .889, .890, .860, .866 for layers 0 -4 respectively. 
The last four rounds were computed with a program, SFLS DIAMAND 
/MMH (see page 97) which was very similar to that of J.S. Rollett. 
The weighting scheme (No. 2) was now Vw = IF 01 if FoI > FH 
0 
and r = 1 otherwise. e was taken at .28 max. Those 
hydrogen atoms which were fixed by the carbons (i.e. hydrogens of 
pyridine and benzene) were put into the calculation, and the heavy 
atoms were allowed to become anisotropic. The effect of putting 
in the 8 hydrogens atoms (which produced AR = -2.8% later on), and 
the further refinement of parameters in Round 3 produced the com- 
paratively small fall of .43ó in R. This was probably caused by 
the 1% overestimate of k when scaling to after Round 3. The 
overestimate in turn was probably due to the large effect of 
extinction when using k = F . k = 1 would have 
produced better results. In Round 5 all atoms except C7, C8, Cio 
and Cii of the methyl groups and hydrogens were given anisotropic 
vibrations. The methyl carbons were kept isotropic in case their 
vibrational/ 
N ote, 
v; 64atiaY, patametets in The sttuctute 
Fact o-r ca lculation 
leac<i- ny to tke 3- ( Fo - he) eitct4'o-rt 012-.1sity 'main) 
W2tQ l,1 cot4 e ctLy fie ate d . Tl,;s s houLr t2 o1nI 
in Ini mcl wh2n S l u d , i v , q iii,E á i s c u S510-, q i ven o-rt 
Pa9es 8 - 83. It accounts Foí t,e tAihafi unusual 
Fza`u%es meai- the heavy aolms (see F. i() 
anc.t 111 e_ ; 9ñ va tuQ 0 f R. 
J 
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vibrational ellipsoids became elongated in the direction of their 
2 hydrogens. The very small drop in R and w LA produced by 
Round 6 indicated convergence. Estimated standard deviations 
( E.S.D.'s) of the co- ordinates were obtained in each round from the 
diagonal element of the matrix. Due to the block diagonal 
approximation the E.S.D.'s were probably slightly underestimated. 
F t E.S.D. 
The ratio of r T I_L4r,i produced by Round 7 was about .2 to .3 
for most atoms and only in the case of four co- ordinates did it 
exceed .5 . The maximum ratio was .63 for C7. Although the 
E.S.D.'s of atoms varied widely the percentage fall in E.S.D. for 
all atoms except Zn, was quite constant from one round to the next. 
Taking the E.S.D.'s produced by Round 7 to be unity, E.S.D.'s of 
Rounds 5 and 6 were as follows: - 
Round 5 Round 6 Round 7 
Zn 1 .1 3 1.01 1.00 
all other atoms 1.62 1.42 1.00 
These ratios were remarkably constant for sulphur and the light 
atoms and for all three co- ordinates. They show that there was a 
quite considerable increase in accuracy of the parameters in the 
last round. 
3 -D Fo -Fc map l See -note obro si te) 
A final difference map was calculated leaving out all the 
hydrogen contributions to Fc, in order to detect the hydrogens of 
the methyl groups. Harding program 7/8 which was able to accept 
anisotropic temperature factors, was used and the parameters were 
the/ 
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the output of Round 7. The R factor was 10.8ó. This rise of 
2.8% in R may be taken as a measure of the contribution of the 
eight hydrogens to R. 
The eight hydrogens whose positions were accurately known, 
all appeared on positive areas (see Fig. 16), but in many cases 
the peak density was slightly off the expected position, the 
worst case being H12 which was .25 Á away from its calculated 
position. H3 had a very good roughly spherical peak of P.D. 
(peak density) .82 E 's A -3. H1, H4, H5, H12 and H13 all had 
rather large, somewhat diffuse peaks of P.D. .4 to .6 E's A -3. 
H11 had the poorest peak of P.D. .35 E's Á -3. A brief search 
was made for the twelve methyl hydrogens and there were rather 
large areas of low positive electron density (.2 to .4 E 's 1-3) 
in the expected regions. The methyl hydrogens are probably subject 
to greater vibration that those of pyridine and benzene, and the 
methyl carbons had on average larger temperature factors than the 
ring carbons. This and the fact that they were left out of least 
squares refinement, produced poor resolution on the difference map. 
Although no methyl hydrogen positions were determined, they could 
probably have been found by projecting the electron density down 
the N-CH3 bonds and looking for trigonal symmetry. Considering 
that 8 hydrogens produced a L R = -2.8%, the inclusion of another 
12 hydrogens (equivalent to two carbon atoms in electrons) might 
well have produced a much better value of R. 
The features on the difference map at Zn, S3 and S4 are shown 
in Fig. 16. Similar features occurred at Si and S2. 
TABLE 10 
SUMMARY OF SOLUTION AND REFINEMENT OF STRUCTURE. 
(010) projection 
Patterson 
Fourier refinement R = 22.7% 
4, 
Refined x/a and z/c parameters 
for Zn and 4 sulphurs 
(101) projection 
Patterson 
Generalised (010) Patterson 
1 
Fourier refinement 
Refined y/b parameters 
for Zn and 4 sulphurs 
3 -D Fo map phased on Zn and 4 sulphurs R = 39.6% 
3 -D (F0-Fc) map with all atoms included R = 19.7% 
Round Hydrogens 
3 -D least squares refinement 
Temperature Weights 
Factors Scale factor 
applied to Fo 






None 11 1 .8800 
3 
.8720 
8 H atoms Zn, Si_4 aniso- 
tropic 
all rest iso- 




except C 7,C 8, 
Cio,Cii 
and H atoms 2 .9874 
5/ 






TABLE 10 (contd.) 
k 
applied to Fo 
Round Hydrogens Temperature Weights Scale factor c11L2x10 -5 R% 
Factors 
I t i. 2 
6 Ir II 2 







Note: Weighting schemes - No. 1 see Page 80 
No. 2 see Page 8 
TABLE 11 
Pis (di eth ;rldithin carbanat~ -) p1rri di ne zinc . z benzene 



































































































































































































Temp. Factnr = exp - ( 
B11 B22 








Zn .00615 .01161 .00259 .00060 .00265 -.00055 
S1 .00770 .01995 .00235 .00161 .00173 -.00453 
S2 .00793 .01551 .00275 -.00171 .00398 -.00011 
S3 .01042 .01290 .00263 .00060 .00072 -.00575 
S4 .01010 .01915 .00215 -.00165 .00273 -.00241 
r-1 .0055E .01475 .00220 .00022 .00210 - .00093 
1,2 .00507 .02112 .00361 - .00071 .00295 - .00709 
p3 .00561 .02238 .00273 .00351 .00200 .00115 
Cl .00775 .01326 .0021..7 .00078 .00142 -.00281 
C2 .00751; .02120 .00351 .00503 .00090 -.00546 
C3 .00753 .01835 .00621 .00601 .00502 .00078 
C1, .01062 .02469 .00569 -.00245 .00520 .00297 
05 .00525 .02226 .00323 -.00351 .00427 --.00154 
C6 .00572 .01756 .00312 -.00184 .00126 -.00090 
09 .00668 .01650 .00264 .00025 .00330 .00133 
C12 .00865 .02371 .00351 .00077 .00162 -.00250 
C13 .0091,.3 .02697 .00308 .00225 .00303 -.00683 
011., .00916 .02636 .00372 - .00023 .00):73 - .00375 
(ii) Isntrnpic 






























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Planarities of Groups. 
(i) Pyridine 
Least squares plane thrnugh 171, Cl, C2, C3, C!, and C5. 
Eqn: +1.815x -6.405y +10./.,5z -1:975 = 0 
Deviations frnm. plane () : - 
T-1 - .002 Zn - .099 
Cl -.005 si +1.55 





Least suaves plane thrnuPh. the 6 atoms of benzene. 
Eqn: +5.019x +5.6/8y +9.231z = 0 
Deviations fr='r.' plane (r) :- 
C12 +.0026 012' -.0026 
013 -.0027 C13' +.0027 
C1!Y +.0026 Cl!,' . - .0026 
(iii) Dimetr,rldi thincarbamate Groups 
S1,S2,C6,12, C7,C8 licand 83,S',,C9,1.3,C10,C11 11-end 










-2.,,50y -E.815z = 
- o 
Devi a.ti,n (A) 
S1 -.005 +.007 
S2 +.005 S3 -.011 
C6 -.005 C9 +.012 
r.. 2 +.016 r,3 +.011 
C7 - .023 Cil +.022 
C8 +.010 010 -.035 







fl +1.71. rr1 -1.90 
6.688 
TABLE 15 
Tnterr^lecul,ln C7ntacts bel7w 3.90x 
At7m 1 - At^m 2 Distance Rel2_ti 7n 7f At= 2 tD AtDm 1 
at p7si ti ̂ n given in Table 11. 
1 - x, 2-F Sr - Z 
f1 tt" ft 
t1 t ft 
Tt tT 11 
ft T1 I 
1T 11 I 
t1 t I 
S1 - C2 3.75 
Si - C3 3.76 
S2 - C4 3.$0 
S3 - C3 3.86 
S3 - C' 3.82 
C4 - C 3.75 
C& - C12 3.86 
TT2 - 03 3.77 1 - x, 
Cl - C5 3.77 - It 
C2 - C5 3.78 
TT 
C$ - C14 3.77 
TT 
S2 - C13 3.89 1 + x, 
S2 - C14 '3.83 - 
Tt 
S2 - C11 3.74 
S4 - Cl 3.68 
C9 - 010 3.81 
Cil - C14 3.82 






X , y - 1, z 
z It 
1 - x, -y .-z 
1 - x, 1 - y, -z 
1 + x, 1 + y, z 
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(f) Description and Discussion 
Zinc coordination 
The coordination of zinc is a rather distorted trigonal 
bipyramid. Examination of Figs. 18 and 20 shows that the structure 
resembles a trigonal bipyramid quite closely in some respects. The 
main deviation is the angle the axial bonds make with the equatorial 
plane. The equatorial plane passes through Zn, Ni, S2 and S3, and 
Zn -Si and Zn -S4 are the two axial bonds. The deviations from the 
best plane through Zn, Ni, S2 and S3 (see Fig. 20) are all less than 
2 E.S.D.'s and therefore not significant. The equation of this 
plane is:- 
+ 1.184x + 1.720y + 18.38z = 4.121 
The angles Ni Zn S2 (116 °), Ni Zn S3 (116 °) and S2 Zn S3 (128 °) 
differ significantly from the theoretical values of 120°, but this 
may well be due to interaction between the two bulky sulphur atoms. 
Si and S4 deviate by 17° from 'the true axial positions. This 
distortion is, of course, unavoidable due to the nature of the 
bidentate ligands and the Zn -S distances. It is noteworthy that 
the planes of the dimethyldithiocarbamate groups are approximately 
normal to the equatorial plane (see Fig. 20), thus reducing the 
distortion as much as possible. The small deviations from the 
normal position are in the direction expected if the deviations are 
due to the repulsions Si H 33 and S2 H S4 (S1 Zn S3 = S2 Zn S4 = 102 °) . 
The bond lengths fit the trigonal bipyramidal model quite well. The 
equatorial Zn -S bonds are 2.33 1 while the axial Zn -S bonds are 2.60 1. 
According to the theory of 5- coordination (see Introduction) longer 
axial/ 
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axial bonds are to be expected due to electron pair repulsions. 
However in this case electron shifts may play an important part 
in causing the axial Zn -S bonds to be so long. (See following 
discussion) . 
The only other example of a truly trigonal bipyramidal zinc 
complex is terpyridyl zinc dichloride [59]. 
Zinc -Sulphur Bonds 
The short Zn -S bonds of 2.33 Á (Zn -S2, Zn -S3) are about normal 
length (cf. Zn -S distances given in Introduction). The two long 
Zn -S bonds of 2.60 Á (Zn-Si, Zn -S4) are very much longer, and this 
could be due to electron pair repulsions and/or increase in the 
ionic character of the Zn -S bond. 
In bis(diethyldithiocarbamato) Zn(II) [63], one of the ligands 
has Zn -S distances of 2.35 1 and 2.44 1, while the other ligand has 
distances of 2.33 4 and 2.82 1. This shows that a configuration 
with two dithiocarbamate groups coordinated to Zn, and with all 
o 
Zn -S distances around 2.33 A is unfavourable. This is probably due 
to electron pair repulsions. In (PZDC) the axial sulphur atom Si, 
for example, might be repelled by bonding electron pairs associated 
with 32, S3 or Ni. Of these three, the repulsion of the Zn -S2 
electron pair must be the greatest (Si Z 32 = 73 °, S1 Zn S3 = 102°). 
The repulsion of the Zn -S3 bond pair is probably small, since it is 
0 
known that the two sulphur atoms can approach zinc to 2.35 A with 




While electron pair repulsions probably play an important 
part, the substantial lengthening of the axial Zn -S bonds suggests 
that electron shifts of some sort take place, resulting in an 
increase in the ionic character of the axial bonds. Higgins and 
Saville [55] have carried out infra -red studies which have 
suggested such a change in Zn -S bonds, and they also obtained 
experimental evidence that there is an increase in the sulphur 
nucleophylic properties when an amine coordinates (see Introduction). 
All this evidence suggests strongly that there is a dominant con- 
tribution to the structure of complexes of the type (PZDC) by the 
form:- 
5.. 
,--c ::Z-1,. C+/ 
5 S/ / \ 
N 
This conclusion differs from that reached by Higgins and 
Saville (see Introduction) who proposed that all four Zn -S bonds 
are equally affected, and the N -C bond loses part of its double 
bond character on amine coordination. 
The Zn -Ni bond 
The Zn -Ni bond length is 2.079 (E.S.D. -006 Á). This is 
very similar to the value of 2.06 A found in Zn(II) di-8- hydroxy- 
quinolate dihydrate [57], but different from the values of 2.19, 
2.11 and 2.37 Á found in zinc terpyridyl dichloride [59]. It is 
also slightly greater than the average Zn -N distance of 2.00 1X 
(max./ 
87. 
(max. limits 1.97 - 2.04) found in complexes with an imidazole 
nitrogen. 
The N -C bond 
The mean N -C bond length in (PZDC) is 1.338 (E.S.D. - .010 Á). 
This should be compared with the table of N -C bond lengths given in 
the Introduction. Comparison shows that the N -C bond length does 
not change when the alkyl group is varied from methyl to propyl. 
This agrees with the independent evidence of Chatt et al [69] based 
on I.R. studies (see Introduction). It is further evidence against 
the theory of Kerk et al [68] concerning the biological activity of 
complexes of the type (PZDC). 
The N-C bond length is virtually identical to that of 1.33 Á 
(.019), [63], found in the parent zinc complex. 
Amine coordination does not therefore affect the N -C bond in 
the way expected by Higgins and Saville (see Introduction) . Their 
evidence depended on shifts in the I.R. absorption bands to lower 
frequencies when an amine coordinates. However as well as a shift 
in the band assigned to the N -C stretching vibration, there were 
several unexplained shifts in other bands on amine coordination. 
It seems possible that the shift in the N -C stretching band was 
produced by some cause other than reduction in N -C bond order, as 
proposed by Higgins and Saville. Their electron shift scheme which 
is given on page 51, must therefore be revised. The observed N -C 
bond lengths support the conclusion that the dominant contribution 
to the structure of (PZDC) is by the form given on page S6. 
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Dimethyldithiocarbamate ligands 
The two ligands are planar within experimental error (see 
Table 14). The mean deviation from the best plane through Si, 
S2, C6, N2, C7, Cg is about 1 E.S.D., the maximum deviation (C7) 
being less than 2 E.S.D.'s. Zn, however, lies at .086 Á from this 
plane which is certainly significant being about 16 (E.S.D.'s). 
The mean deviation from the S3, S4i C9, N3, Cl o, C11 plane is about 
1.5 E.S.D., with a maximum deviation (C5) of just over 2 E.S.D.'s. 
Zn lies at .037 X from this plane which is significant being about 
7 E.S.D.'s. 
This agrees with all other determinations which have all found 
the dithiocarbamate groups to be planar. A deviation of about .2 A 
of the zinc atom from the planes of the ligands, has been found in 
bis(diethyldithiocarbamato) Zn(II) [63]. The deviations in (PZDC) 
are smaller but nevertheless constitute a significant departure from 
exact 2 -fold symmetry in the complex.. The distances from Zn to the 
planes of the two ligands are significantly different, and also the 
deviations are in opposite directions relative to the approximate 
2 -fold axis through Zn. 
0 
The mean S -C bond length in (PZDC) is 1.718 A which agrees with 
the mean value of 1.72 X found in bis(diethyldithiocarbamato) Zn(II) 
[63]. There seems to be a small, though barely significant, 
difference in the two types of S -C bond. Si-C6 and S4 -C9 average 
1.707 Á while S2 -C6 and S3 -Cg average 1.730 X. This indicates that 
S1 and S4 are slightly more strongly bound to C6 and C9 respectively, 
than/ 
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than S2 or S3, which agrees with the fact that Si and S4 are more 
loosely bound to Zn. 
The angles around C6 and Cg do not differ very significantly 
from the expected values of 120 °, but those around N2 and N3 do. 
The angle made at N by the two methyl groups seems to be slightly 
less than the other two angles at N. This was also found in 
bis(diethyldithiocarbamato) Zn(II) where the Et Ñ Et angle is 114 °. 
The observed N -CH3 distances (1.466, 1.484, 1.473, 1.465) do 
not differ significantly from the average literature value of 
° 
1.479 A for a C -N bond with a 4- covalent nitrogen [80]. 
Pyridine ring 
The pyridine ring is accurately planar, all deviations from the 
best plane being less than 2 E.S.D. (see Table 14). The deviation 
of Zn by nearly .1 A from this plane is significant and is discussed 
later. The bond lengths (see Fig. 17) are all within 1.5 E.S.D.'s 
of the literature values [80], except Ni -Ci (1.320 1) and N1 -05 
(1.342 Á). The average literature value for the latter two bonds 
is 1.37 A. This is probably a significant difference, and may be 
connected with changes in the electron distribution due to the 
coordination of Ni to Zn. The bond angles agree well with the 
literature values, and as expected the angles Ni Ci 02 (124.3 °) 
and Ni C5 C4 (122.5 °) -(lit. value 124') - are greater than the 
C C C angles, (lit. value 118 °). 
Benzene ring 
The benzene ring is very accurately planar the deviations being 
only/ 
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only about 1/5 E.S.D. and therefore quite insignificant. The bond 
lengths (1.365, 1.363 and 1.388 á) are all within 2 E.S.D.'s of the 
literature value of 1.39 1, and the angles do not differ significantly 
from 120°. 
It should be noted that pyridine might well replace benzene on 
the centres of symmetry in the crystal. Both pyridine and benzene 
were present in the solution from which the crystals were obtained, 
although only a trace of pyridine was present. It would probably 
not be possible to detect the difference between pyridine and benzene 
by X -Ray methods, especially if the pyridine is orientated at random. 
2 -Fold symmetry of complex 
There is an approximate 2 -fold axis though Zn, Ni and C3 of 
pyridine. Fig. 19 gives a plot of the mid -points of lines joining 
atoms related by this axis. The zinc dimethyldithiocarbamate part 
of the molecule gives a fairly good straight line plot, with 
o 
deviations all less than .01 A, except for the mid -point of the 
o 
S2 -S3 line which deviates by about .03 A from the best line. 
The pyridine ring also gives a good straight line plot with 
deviations all less than .01 X, and therefore not significant. 
The equations of these lines are as follows: - 
(i) Zn dimethyldithiocarbamate x - 3.637y = + .0667 
axis x + 10.283z = + 
2.378 
(ii) Pyridine ring x - 5.468y = - .1865 
x + 16.995z = + 3.542. axi s 
Both/ 
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Both lines meet at the point (.580, .141, .174) which lies about 
o 
.7 A from Ni, and exactly mid -way between C3 and the mid -point of 
C7 -C11. The angle between these lines is 4.0° which is certainly 
a significant deviation. The direction in which the 2 -fold axis 
is "bent" is approximately normal to the pyridine ring and towards 
S3. This results in a slightly shorter contact with Sty than with 
Si (C1 -S4 = 3.48 A; c5-s1 = 3.55 1). 
The cause of this distortion is the fact that the pyridine 
ring has close contacts with neighbouring molecules on one side and 
not on the other. Inter -molecular contacts are listed in Table 15. 
The pyridine rings of molecules related by the 2 -fold screw axes 
are roughly normal to one another, and the "edge" of one ring 
contacts the "plane" of the next one. The important contacts are 
probably those from C5 of the 2 -fold screw axis- related molecule 
to Ci (3.77 1) and 02 (3.78 1). Several other contacts with 
neighbouring sulphur atoms are all on the same side of the ring, 
but the closest contact of 3.68 1 from Ci to St, acts roughly in the 
plane of the ring, and so cannot be wholly responsible for the 
distortion. 
Another significant departure from 2 -fold symmetry is the 
difference in the position of the Zn atom relative to the two 
dithiocarbamate ligands. This has been discussed previously. 
It may be connected with the slight deviation of the S2 -S3 mid- 
point from the axis (see Fig. 19), and the distortion of pyridine 
from the axial position. 
There/ 
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There seems to be no reason to suppose that the complex 
cannot be exactly symmetric in solution or in the other crystalline 
form (see Part II.2.). The difference in the orientation of 
pyridine (cf. Figs. 10 and 18) in the two crystals, and the dis- 
tortion of pyridine from the true axial position, suggests that, 
although Ni is strongly bound to Zn, there is a certain amount of 
flexibility in the position of the ring. It is very likely that 
weak forces, of the order of Van der Waals' forces, acting on the 
end of the ring would be sufficient to produce quite a large 
levering effect. It is noticeable that in neither of the two 
crystals does the pyridine take up a position so as to minimise its 
contacts with Si and S4. 
Accuracy of the Determination 
The final value of R (excluding reflections too weak to be 
observed) was 8.54%. R for those unobserved weak reflections 
listed in Appendix III(b) was 57%, and R for observed and unobserved 
reflections was 10.7%. These values could probably have been 
improved by taking into account the 12 methyl hydrogens omitted from 
the calculations. Also there is some evidence of extinction 
affecting the most intense reflections. If those reflections 
marked 'Et in Appendix III(a) are omitted, R (observed reflections 
only) becomes 8.10 %. 
The estimated standard deviations obtained from the least 
squares matrix (block diagonal approximation), should be fairly good 
estimates, since the structure is centrosymmetric, and there are no 
atoms/ 
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atoms on special positions. The approximate molecular, but 
non -crystallographic, 2 -fold axis through the complex, means that 
there have been two partly independent measurements of bond 
lengths related by the axis. The E.S.D. of the mean bond length 
may be calculated by the formula:- 
= 62 (A) 
. 62 (B) 
62 (A) + 62 (B) 
where: 62(M) is variance of mean bond length. 62(A), 62(B) are 
variances of related bond lengths, 
and since 62(A) = 62(B) 
6(M) = LAI 
Since the complex is slightly distorted, especially about the co- 
ordination centre at Zn, it is probably not justifiable to use this 
formula for those bonds involving Zn. 
Packing 
The packing of molecules is illustrated in projection along 
the b -axis in Fig. 21. The crystal is held together by Van der 
0 
Waal s forces with contacts ranging from about 3.7 A upwards. The 
minimum intermolecular contact is 3.68 Á (C1-S4). Table 15 lists 
all intermolecular contacts below 3.90 Á. 
The main feature of the packing is the large cylindrical space 
parallel to b between benzene molecules. The distance between 
0 
benzene molecules along y is about 8 A, and only two contacts with 
Cg of neighbouring molecules, seems to prevent the benzenes from 
moving/ 
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moving up and down these spaces. This easy route of escape for 
benzene probably accounts for the instability of the crystals. 
As far as the packing of the complexes is concerned, it is 
moticeable that there are no important contacts between (PZDC) 
molecules across the planes x/a = 0, 1, 2 i.e. there are no 
important contacts over the cell boundaries along the x direction. 
The benzenes appear to act as buffers between molecules along this 
direction. The packing within a cell is not very compact, and 
there are no plane -plane contacts as might be expected. The 
pyridines are in contact but their planes are normal to one another. 
Vibrations 
Table 12 gives the anisotropic vibrations of each atom. There 
is no noticeable anisotropy among the heavy atoms. Zn has an 
average B = 3.5 12 while the S atoms average B = 4.5 12. There is a 
tendency for vibrations to increase towards the "ends" of the 
2 
molecule. Thus C6, C9 average 4.0 A2, N2, N3 5.1 A2, and the 
methyl carbons 6.9 12. There is a similar increase in vibration 
towards C3 of pyridine, but here there is some anisotropy. C3 has 
the highest 'B' of 9.8 12 along z, and this fits in with the fact 
that it has no contacts along this direction. The benzene ring 
vibrations, surprisingly, are less than those of the methyl carbons. 
They average 5.5 A2 along x, 6.6 A2 along y and 5.2 A2 along z, the 
greater vibration along y agreeing with the loose packing along 
this direction. Generally the fairly high 'B' values reflect the 
weakness of the forces holding the molecules together. 
95. 
(g) Conclusions 
The complex (PZDC) is a 5- coordinate zinc complex with a 
distorted trigonal bipyramidal configuration. The two axial 
Zn -S bonds average 2.60 Á, with the two equatorial Zn -S bonds, 
2.33 Á and Zn -Ni 2.08 Á. The equatorial bonds are of normal 
length, but the two axial bonds are considerably longer than usual. 
This is probably due to a combination of electron pair repulsions, 
and a weakening of the axial Zn -S bonds due to the coordination of 
pyridine. The mean N -C bond length in the dithiocarbamate groups 
is 1.338 , which is very similar to the lengths found in all other 
dithiocarbamate complexes, and indicates about 84% double bond 
character. This agrees with the experiments of Chatt et al [69] 
and is further evidence against the theories of Kerk et al [68]. 
Both the Zn -S and the N-C bond lengths show that the electron shift 
scheme for amine coordination proposed by Higgins and Saville, must 
be revised. The coordination of an amine appears to affect only 
two of the four Zn -S bonds, and has no effect on the N -C bond. 
In agreement with other determinations, the dimethyldithio- 
carbamate groups are both planar and the bond lengths and angles are 
all normal. Zn, however, lies slightly out of the plane of both 
ligands, and its position is different relative to each. The 
A 
Me N Me angle is slightly less than 120° as has been found also by 
Vaciago et al [63]. This is probably due to repulsion of the 
methyl groups by the sulphurs. 
There is an approximate two -fold axis through Zn, Ni and C3, 
but/ 
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but the axis of the pyridine ring deviates by 4° from the axis of 
the rest of the molecule. This is caused by Van der WaalUs 
contacts in the crystal. The difference in the deviations of Zn 
from the dithiocarbamate planes may be connected with this. It 
is very probable that the complex can assume accurate two -fold 
symmetry in solution. The orientation of pyridine is obviously 
largely dependent on intermolecular forces, since it is different 
in the crystals without benzene of crystallisation. 
The crystals with benzene of crystallisation, consist of two 
types of complex, D and L. The packing is rather irregular, and 
there are some large empty spaces especially between benzene 
molecules along the y -axis. 
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COMPUTING METHODS 
In the course of this work, the following programs were used: - 
(1) Structure factor, Fourier and data reduction programs written 
by J.S. Rollett for D.E.U.C.E. (Glasgow). Basic machine code. 
(2) SFLS program written by J.S. Rollett for use on Mercury 
(Harwell). Basic machine code. Very similar to SFLS Diamand/ 
Harding (see below). 
(3) A series of programs written by M.M. Harding for use on Atlas 
(Manchester and N.I.R.N.S., Harwell): - 
(i) 8/2 Lp correction and modification of data (EMA) 
(ii) 3/5 Centrosymmetric fourier projections (EMA) 
(iii) Molecular Geometry - calculations of best planes by least 
squares and projections of structures (AA) 
(iv) 7/7 Combined structure factors and fourier program, 
allowing data to be read from magnetic tape. A later 
version (7/8) was able to accept anisotropic temperature 
factors. (EMA) 
(4) SFLS Diamand/Harding - a program written by R. Diamand in EMA, 
and modified to accept data from magnetic tape, etc., by 
M.M. Harding. It had the following facilities: - 
(i) Any space group possible. 
(ii) f curves tabulated at 32 values of Sine e . 
(iii) Isotropic, anisotropic or a mixture of both types of 
temperature factor acceptable. 
(iv) Weighting scheme such that 5 = 1 if F0 . FR, and 
otherwise/ 
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otherwise fw = FN /Fo. FR given in input data. 
(v) The omission of certain atoms (e.g. hydrogens) from 
the least squares operation was possible. 
(vi) Block diagonal approximation. 
(vii) Any number of cycles possible. 
(viii) Allowance made for the interaction between scale 
factor and the overall temperature factor. 
(ix) Coordinate variances, 62(p), output, calculated from 
the appropriate diagonal element of the matrix, aii 
using:- 
62(P) = 1 
w2 
aii ' m-n 
Where m = no. of observations 
n = no. of parameters. 
A bond lengths and angles program written by O.S. Mills for use 
on Atlas (AA). 
The following two programs were written specially for this work 
by the author, for use on Atlas: - 
(a) Fraser 2/5 (AA) 
A structure factor program, written for space group P2 -i /c, but 
easily modifiable to take all centrosymmetric space groups of 
higher symmetry. It had the following facilities: - 
(i) f curves could be tabulated at any convenient equal 
intervals of Sin e , the degree of subdivision being 
indicated for each f curve as read in. 
(ii) Data acceptable in the form Fo or F02. If Foe then a 
modification function could be applied which was 
tabulated/ 
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tabulated as a function of Sin 
(iii) Scaling of Fo either by a given scale factor or using 
the factor E Fe/ E Fo. Separate scaling of different 
batches of data (e.g. k = 0, 1 etc.) was also 
possible. 
(iv) All reflections with Sin 0 >1 printed out. 
(v) All reflections with poor agreement between Fo and Fc 
printed out. 
(vi) Any number of consecutive jobs possible. 
(vii) The output could be transferred directly to magnetic tape 
for storage purposes. 
(b) Fraser 3/2 (AA) 
A program to calculate the E.S.D.'s of bond lengths from the 
coordinate variances obtained from SFLS Diamand/Harding. The 
formula used ignored covariances of coordinates, but took into 
account the E.S.D.'s of cell dimensions. In the general case, 
(triclinic system), a bond length is a function of 12 variables, 
all of which have an E.S.D. In general: 
if Z = f(A,B, ) i.e. if Z is a function of A,B 
Then 6(Z) = 
(A) 
Z 
k(s) aZ + 
The expression for a bond length (S) was treated in this way, and a 
value of 6(S) derived. A simple modification and extension would 
have allowed the calculation of bond angle E.S.D.'s. 
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S 749 68 693 63 
5 -55 -75 -28 -39 
7 55 -67 64 -74 
9 18 25 25 34 
6 6 
0 526 0 500 0 
1 506 -21 552 -23 
4 560 43 506 39 
6 301 81 308 83 
8 129 -4 140 -4 
6 7 
1 248 248 257 257 
s 346 -88 329 -84 
7 153 -58 155 -59 
/ 23 -19 28 -24 
6 8 
0 580 0 895 0 
¿ 465 -2 451 -1 
4 122 -28 132 -30 
6 181 -55 168 i -51 
b 84 6 100 7 
6 9 
1. 199 -166 283 -236 
S 201 -61 197 -6Q 
5 21 -50 31 -74 
7 93 -18 111 -22 
6 10 
0 215 0 218 0 
¿ 164 -6 181 -6 
.4 297 -26 272 -23 
6 215 18 202 17 
6 11 
314 67 264 56 




5 220 3 204 3 
6 12 
e -34 -0 -5 -0 
¿ 297 13 192 9 
4 181 31 209 36 
6 13 
1 41 -22 33 -18 
3 210 165 159 .125 
5 17 17 22 22 
6 14 
¿ 272: 30 160 18 
4 -12 -68 -10 -54 
6 15 
82 -92 45 -51 
7 1 
'1 880 203 933 216 
3 675 235 696 242 
n 682 168 633 156 
/ 308 77 
. 295 74 
9 91 5 118 6 
7 2 
0 768 -0 715 -0 
2 -294 -59. -266 -46 
4 -95 13 -79 11 
ó 271 90 254 84 
ö -25 5 -60 13 
7 3 
1 846 -21 919 -23 
3 639 . 61 656 62 
5 311 23 299 22 
/ 289 26 280 25 
9 174 33 196 37 
7 4 
0 582 -0 491 -0 
¿ 218 -h0 193 -53 
4 34 -85 33 -83 
6 -26 -47 -22 -41 
7 5 
1 315 -121 315 -121 
s 604 -94 592 -92 
5 397 67 387 66 
7 263 34 254 33 
7 6 
U -484 -0 -411 -0 
L 308 60 291 
' 
56 
4 258 21 219 18 
6 -85 -59 -67 -46 
7 7 
1 545 45 456 37 
s 332 53 330 52 
5 277 -40 263 -38 
/ 156 -23 162 -24 
7 8 
U 19 -0 26 -0 
2 132 -44 113 -38 
4 47 -30 59 -38 
8 32. -11 63 -22 
7 9 
1 307 52 472 80 
3 230 18 178 14 
5 178 -38 153 -33 
/ 94 -29 65 -20 
7 10 
ü 412 0 384 0 
¿ 17 -83 21 -107 
4 -110 -113 
. - 
'-83- -85 
71 -29 .72 -29 
7 11 
1 183 -131 126 -90 
3 211 -43 234 -48 
5 173 35 149 30 
7 12 
0 -34, -0 -37 -0 
2 -60 42 -39 27 
4 82 50 111 67 
7 13 
'1 266 30 183 21 
3 201 -78 90 -35 
3 -56 3 -54 
7 14 
.2 104 89 77 66 
'4 47 20 15 6 
8 0 
U 1102 0 1087 0 
2 566 326 584 337 
4 ,806 -139 812 -140 
6 419 91 441 96 
B 74 -10 75 -10 
8 1 
1 -425. -60 -374 -53 
3 -263 -11 -264 -11 
5 236 18 230 18 
/ 86 -7 75 -6 
9 -51 -14 -54 -15 
. 8 2 
0 652 0 698 *. 0 
2 1.005 -42 993 -41 
4 455 219 451 217 
6 321 -69 316 -68 
8 244 30 235 29 
8 3 
1 -82 50 -114 70 
3 -517 -105 .551 -112 
5 75 -69 118 -107 
/ 24 17 9 6 
8 4 
U 1028 0 1023 0 
2 489 -45 489 -45 
4 433 -127 447 -131 
6 295 129 280 123 
8 189 -23 194 -24 
8 5 
1 -193 -43 -224 -50 
3 63 87 35. 49 
-239 29 -27u 33 
7 -86 -12 -80 -12 
8 6 
0 258 0 183 0 
2 626 -194 628 -195 
4 400 67 387 65 
6 209 -84 218 -88 




-378 85 -363 36 82 
3. 76 155 74 151 
-89 138 -108 168 
7 -46 65 -47 _ 66 
8 8 
0 386 -0 606 -0 
2 261 255 234 229 





1 3 20 4 23 
3 -232 79 -180 61 
-103 -4 -124 .-5 
8 10 
0 273 0 226 0 
2 248 -106 338 -144 
4 160. 32 132 26 
6 103 -38 . 80 -30 
8 11 
1 -133 -29 -121. -26 
3 -203 -57 -231. -65 
8 12 
u 378 0 266 0 
¿ 211 -78 114 -42 
4 123 -80 130 -84 
8 13 
1 -247 -35 -192 -27 
3 -11 50 -5 20 
8 14 
2 230 32 137 19 
9 1 
1 226 -41 274 -50 
3 286 -147. 327 -169 
5 269 -114 279 -118 
7 165 4 167 4 
9 2 
u -174 -0 -174 -0 
L -479 119 -508 127 
4 47 -32 62 -43 
6 242 -15 259' -16 
y -90 8 -130 11 
9 3 
1 436 57 487 63 
3 334, 184 326 180 " 
5 241 130 223 120 
/ 151 8 163 9 
9 4 
0 92 -0 48 -0 
2 -172 34 -183 36 
4 -277 -13 -248 -11 
6 -73 -23 -69 -21 
9 5 
1 578 4 573 4 
3 357 78 383 84 
5' 152 115 166 125 
/ 65 44 63 43 
9 6 
0 -474 -0 -495 -0 
2 -46 -55 -55 -66 
4 -43 83 -61 117 
' 
b -154 . 112 -183 133 
b 41 -1 72 -2 
9 7 
279 44 237 37 
210 46 262 57 
205 5 199 5 
7 111 37 114 38 
9 8 
0 -255 0 -330 0 
2 -73 107 -06 126 
4 -44 88 -59 117 
6 -47 17 -64 23 
9 9 
1 52 20 65 25 
3 1 - 17 11À 
- 
-15 
5 185 -10 166 -9 
7 121 -3 137 -3 
9 10 
0 120 0 124 0 
¿ -151 68 -178 80 
4 -147 -32 -136 -30 
b 3 -19 6 -42 
9 11 
1 206 -77 144 -54 
3 97 -56 90 á-52 
5 78 -2 69 -2 
9 12 
0 -101 -0 -183 "0 
1 -163 -144 -132 -117 
4 9 13 7 10 
9 13 
1 184 101 94 52 
3 146 155 94 100 
9 14 
2 35: 34 28 26 
10 0 
0 850 0 876 0 
2 573 -317 589 -325 
4 309 -379 312 -382 
6 213 -48 209 -47 
tl 119 17 161 22 
10 1 
1 135 288 146 313 
S -188 -21 -194 -22 
5 264 41 295 46 
7 -83 68 -103 84 
10 2 
0 430 -0 464 "0 
2 611 -97 589 -93 
4 491 -27 456 -25 
6 257 -85 250 -82 
8 105 -33 142 -45 
10 3 
1 249 -23 259 -24 
3 -46 268 -45 259 
7 -18 56 -11 33 
10 4 
o 685 0 746 0 
-' 527 173 532 175 
4 437 38 401 35 
6 227 -51 237 -53 
8 32 -58 33 -61 
10 5 
J. 14 73 16 83 
3 -59 -135 -7u -159 
5 -59 2 -46 1 
7 -17 1 -23 1 
10 6 
0 642 0 624 0 
2 563 -96 543 -93 
4 266 .-8 263 -8 
b 119 -32 114 -30 
10 7 
1 -414 -293 -395 -280 
3 220 -109 225 -112 
5 -77 -44 -97 -55 
7 32 -22 72 -48 
13 8 
0 214 0 215 0 
2 264 -26 221 -21 4- ---_ 276 
. 
-43 284 --- -44 
b 233 46 242 48 
10 9 
1, 70 153 88 194 
3 -169 8 -149 7 
5 27 -59 42 -91 
10 10 
0 227 "0 165 -0 
2 227 -5 231 -5 
4 219 -10 190 -8 
b 113 -37 141 -46 
10 11 
1 125 -91 111 -81 
3 -19 73 -16 60 
5 -2 17 -4 26 
10 12 
0 323 0 237 0 
2. 255 64 155 39 
4 126 9 129 9 
10 13 
1 31. 19 13 8 
3 29 -61 29 -61 
10 14 
2 14C 74 108 57 
11. 1 
1 585 . -9 615 -10 
3 336 16 396 19 
5 74 47 109 69 
7 80 35 109 48 
11 2 
0 624 -0 622 -0 
2 * -26 33 "35 45 
4 -79 -16 -81 -17 
6 32\ 68 35 74 
ä -88 14 -144 22 
11 3 









7 125 -48 155 -60 
11 4 
U 103 -0 222 -0 
2 44 8b 43 83 
4 -66 12 -53 10 
6 -12 -71 -9 -50 
11. 5 
1 303 -52 320 -55 
S 185 -125 158 -107 
161 -144 181 -161 
7 122 -66 138 -75 
11 6 
G -447 0 -383 0 
2 74 -195 81 -215 
4 134 -148 160 -143 
6 -65 -92 -61 -85 
11. 7 
1 377 -58 322 ¡ -50 
s 224 -74 235 -77 
5 155 43 148 41 
95 17 124 22 
r11 
8 
^] -52 -0 -79 -0 
44 -95 50 -108 
14 -112 15 -123 
-14 -50 -19 -70 
11 9 
1 239- 4. - - 43 
s 333 124 327 121 
137 60 172 76 
11 10 
0 330 -0 302 -0 
2 1 58 2 88 
4 -80 33 -71 29 
11 11 
1 383 74 322 62 
S 185 11 176 10 
5 87 -35 110 -44 
11 12 
U 95 0 73 0 
e 17 -28 28 -45 
4 10 4 33 11 
11. 13 
± 114 -115 69 -70 
3 128 -37 124 -35 
12 0 
0 330 0 227 0 
557 155 524 146 
4 12 259 14 2.84 
12 1 
J. 167 -24 166 -24 
S -278 -216 -285 -221 
] 27 -52 50 . -98 
7 12. 56 14 66 
12 2 
0 230 0 200 0 
2 37 122 34 113 
4 285 -32 256 -29 
6 154 122 144 114 
12. 3 
1 36 -80 34 -76 
S -180 -102 -167 -106', 
5 37 -52 47 -67 
7 55 -26 56 -26 
12 4 
0 -32 0 -9 0 
1 140 -239 113 -194 
4 157 -36 121 -28 
6 202. -80 221 -88 
12 5 
1 -26 91 -29 102 
S 164 86 156 82 
5 45 -8 55 -10 
/ -21 -65 -25 -40 
12 6 
0 500 -0 474 -0 
2 117 22 107 20 
4 120 -135 118 -132 
6 122 13 122 13 
12 7 
1 69 -52 . 139 -84 
S 258 -4 288 -5 
5 -67 30 -89 40 
12 8 
0 89 -0 61 -0 
2 . 410 -13 391 -12 
4 210 142 229 155 
6 69 27 54 21 
12 9 
1 118 33 133 38 
:5 -90 11 -60 8 
:i 31 16 . 23 
12 10 
0 - -- ------ 
0 431 -- 0 
2 200 102 249 126 
4 156 -37 163 -39 
12 11 
2. 21 -49 10 -24 
S -81 -1. -52 -1 
12 12 
0 256 0 199 0 
2 238 -152 196 -126 
12 13 ' _ 
1 -- -5-6 --18 -17 -5 
13 1 
1 76 112 56 83 
0 248 100 257 103 
5 106 -10 105 -10 
7 102 -34 118 -40 
13 2 
0 196 -0 190 -0, 
2 -158 -125 -163 -129 
4 -42 -163 -51 -201 
b 155 -11 196 -13 
13 3 
1 214 -65 242 -73 
6 131 -41 140 -44 
7 225 117 225 117 
7 92 90 117 114 
13 4 
0 -89 0 -61 0 
2 -11 53 -20 98 
4 129 61 150 71 
6 115 30 132 34 
13 5 
1 421 51 433 53 
6 79 105 85 113 
5 131 64 153 75 
13 6 
U 31 -0 127 -0 
2 272 91 317 107 
4 81 146 96 173 
6 -73 40 -93 Si. 
13 7 
1 128 34 140 37 
3 250 40 265 43 
5 135 21 150 23. 
13 8 
0 138 -0 175 -0 
2 130 12 145 13 
4 44 50 55 63 
13 9 
1 78 -25 79 -25 
S 230 -45 227 -44 
2 81 -30 84 -31 
13 10 
0 -23 -0 -47 -0 
2 -52 15 -58 16 
4 15 4 72 19 
13 11 
1 269 19 236 17 
s 57 -15 44 -11 
13 12 
0 101 0 97 0 
2 8 -35 5 -24 
14 o 
0 281 f-0 215 -0 















1 116 -25 116 -25 
3 9 79 10 84 
5 1 -47 
1. -54 
7 * 8 2 39 8 
14 2 
U 635. -0 657 -0 
2 567 -H9 536 -84 
4 406 -125 417 -128 
6 212 2 266 3 
14 3 
1 67 177 77 203 
3 -74 19 -67 17 
2 183 37 240 48 
14 4 
o 830 0 835 0 
2 530 -7 514 -7 
4 261 92 277' 98 
6 193 32 227 38 
14 5 
1 -32 -126 -30 -116 
3, 152 103 162 110 
-44 82 -49 90 
14 6 
0 516 0 476 0 
2 315 149 312 147 
4 258 8 271 9 
6 106 -16 204 -31 
1.4 7 
1. 71 36 104 53 
3. * 0 0 0 -47 
5 -26 4 '-42 7 
14 8 
0 -19 -0 -49 -0 
2 256 -178 253 -176 
4 239 -96 256 -103 
14 9 
1 -84. -36 -109 -48 
S 57 54 72 69. 
14 10 
0 18D -0 152 -0 
2 121' 9 103 8 
14 11 
1 69 97 65 92 
15 1 
1 455 -48 454 -48' 
3 464 -35 517 -39 
5 177 -3 201 -3 
15 2 
0 196 -0 233 -0 
e 8 196 10 226 
4 -49 29 -29 17 
6 -5 -16 -7 -20 
1.5 3 
1 497 -27 515 -28, 
3 292 -81 264 -74' 
7 227 -59 251 -65 
15 4 
U -93 0 -85 0 
2 -36 -46 -58 -74 
4 25 -12 22 -10 
15 5 
1 304 90 298 88 





-22 .-.. -- -. 
259 
. _---- -27 - 
u -78 0 --106 0 
2 -22 -82 -33 -121 
4 -60 -33 -96 -52 
15 7 
1 177 -65 138 -51 
ó 
. 211 -37 216 -38 
15 8 
U -92 0 -86 0 
2 -38 6 -33 5 
4 -11 -28 -10 -26 
15 9 
1 103 -42 89 -36 
3 146 -60 156 -64 
15 10 
U -17 0 -15 4: 0 
2 -10 45 -11 47 
16 0 
0 239 -0 164 -0 
2 270 .21 256 20 
4 201 86 201 86 
16 1 
1 50 42 57 48 
3 -55 70 -50 64 
5 -46 -27 -69 -40 
16 2 
U 224 0 161 0 
2 324 -63 293 -56 
4 127 44 108 37 
16 3 
3 -97 -73 -118 -89 
5 7 -51 10 -74 
16 4 
0 . 344 -0 309 -0 
2 -18 76 -21 92 
4 152. .-109 169 -121 
16 5 
1 -71 -113 -85 -136 
3 42 -85 46 -94 
5 * -19 -2 -46 -6 
16 6 
U. 104 0 80 0 
2 173. -5 157 -4 
4 74 79 93 100 
16 7 
3. 16 41 21 55 
16 8 
u 202 0 240 0 
2 177 -15 184 -1.6 
16 9 
1 1 -32 2 -53 
17 1 
1 * 14 -12 28 -23 
S 178 54 216 65 
17 2 
O 113 0 106 0 
2 -40 19 -55 26 
4 -74 -36 -88 -42 
17 3 
1 206 66 208 67 
6 41 29 39 28 
17 4 
L; -35 -0 -7 -0 
2 19 -96 17 -82 
4 14 -45 14 .-45 
17 5 
}27 1 131 23¡ 157 
3 67 20 59 18 
17 6 
u -71 -0 -43 -0 
2 9 54 11 70 
17 7 
1 158 -8 194 -10 
17 P, 
0 -11 0 -32 0 
18 0 
U * -19 -0 -65 -0 
Z 215 -5 217 -5 
4 203 35 255 44 
18 1 
1 3 107 3 107 
S -78 14 -95 17 
18 2 
u 204 -0 177 -0 
t 202. 14 215 15 
18 3 
1 -28 -32 -30 -34 
.5 -8 27 -17 54 
13 4 
G 337 0 397 0 
2 82 27 '5Fl 19 
18 5 
1 -62 54 -71 62 
18 6 
u 103 -0 85 -0 
19 1 
'3. 31 -34 34 -38 
19 2 
0 -107 0 -139 0 
2 -44 44 -71 71 
19 3 
1 118 33 159 44 
APPENDIX IT 
List nf IFflbsl and IFcalcl fmr bis(dimethyldithin- 
carbama.tm) pyridine zinc. Scale absnlute a.pprmx. 




2 206 223 
b 156 127 
6 252 245 
ß 59 1,7 
10 21 29 
12 46 18 
0 207 189 
2 55 15 
1; 76 48 
6 76 14.6 
10 21 26 
12 1, 6 63 
14 24 37 
-2 293 354 
-4 132 83. 
-6 134 14-3 
- 136 119 
-10 15 31 
-12 66 70 
-14 37 54 
0 221 218 
2 21 49 
1, 125 85 
6 197 223 
8 59 81 
10 6$ 8$ 
12 95 98 
16 13 6 
-2 187 131 - 32 114 101 94 
-g 19 33 
-10 37 42 
6 0 317 274 
2 41 22 
' 143 140 
6 113 133 
8 37 J.2 
10 40 J2 
12 23 28 
-2 167 192 
-4 110 107 
-6 21J 242 
-$ 115 116 
-10 20 23 
-12 27 27 
-14 19 24 . 0 13 11 
2 59 60 
6 70 93 
12 35 39 
-2 84 57 
_64 
26 56 
-8 102 ' 117 
-12 21 21 
-11; 26 32 
10 0 90 117 
4 136 146 
6 117 135 
8 22 24 
10 43 47 
12 Al, 10 
-2 65 $2 
12 0 4:4 64 
2 27 42 
L, 72 73 
10 15 3 
-2 77 89 
-4. 27 34 
-6 36 49 
-8 53 57 
14 4 15 19 
6 15 20 
10 19 16 
-4 15 $ 
-$ 15 24 
16 ! 35 44 
-2 36 54 
18 -2 16 28 
List of FO,Fc for Bis(dimethYldithiadbamato 
APPENDIX MO) 
Zr.ib.eirz*ne. )pyridine 
* h k 
. F0 
(unobserved reflections it Apperfllx I11(b)) 
.Fc 






































































































































































































































































































































h -1955 -169 
10 1593 Z5r,4 
12 -2134 -?154 
14 -593 -669 1 432 :550 
2'J -647 -4/5 
-í 1692 11+11 
-ti 26-02 e)67 
-6 -1x29 -1704 
-6 -662 -909 
-l0 1875 20,52 
-12 -1389 -1362 
-18 -2620 -2306 
-2U 866 R2U 
-22 -887 -69U 
-24 765 -754 
-26 407 364 
* 6 n 
0 2797 2687 
2 -J791 -3994 
4 1684 1532 
6 2466 2232 
8 -493 -332 
-1041 
12 3051 3037 
16 -910 -742 
16 1754 1608 
20 -567 -496 
-2 659 747 
-4 -0715 -3615 
-6 1108 941 
-n -1920 -1930 
1.0 -1507 -1300 
-12 1363 1367 
-1`+ 466 -360 
-1t 1147 979 
-16 1807 1649 
-2U 1591 12.15 
-22 330 306 
-24 297 307 
* 7 0 
U -2872 -2658 
2 2584 2766 
4 -4031 -419e 
b - -493 -415 
M 2789 2580 
1U -4127 -4293 
12 548 365 
14 1338 1112 
16 -744 -693 
-2 -1180 -1011 
-4 907 914 
-6 -1975 -2076 
-ti 785 854 


















0 -2670 -2441 
2 2476 2271 
4 1655 1519 
6 -2799 -2503 
8 737 733 
10 1661 1602 
12 -1509 -1365 
14 =435 -516 
,16 1348 1194 
. 18 -1035 -963 
-2 1605 16U7 
-4 1560 1460 
-6 -3222 -3279 
-8 2441 2060 
-10 -2433 -2301 
-12 -2126 -2029 
-14 2509 2464 
-16 -2487 -2538 
-20 352 329 
-24 -322 -221 
* 9 n 
0 1315 1065 
2 -2662 -2671 
µ 755 664 
h 1931 1937 
?s -2741 -2365 
10 1372 1160 
12 845 713 
14 =567 -468 
10 538 470 
-2 204 155 
-4 -2637 -2408 
-6 1667 1547 
-8 -1n33 -937 
-12 878 751 
-14 1733 1651 
-16 . a705 -690 
-18 19b3 1756 
-20 1287 1199 
-22 -904 -783 
-24 861 877 
* 10 0 
0 4079 2128 
2 '627 -400 
6 863 692 
b l571 -464 
10 -1221 -1049 
14 190 211 
-2 -1327 -1254 

















































* 11 0 * 15 0 
U -1269 -1168 L' 524 436 
2 1673 1867 2 =279 -2b2 
4 =381 -350 -2 514 462 
6 =426 -460 -4 -778 -786 
F 1783 1655 -6 965 848 
14 367 32, -16. 176 127 
-2 543 4%6 * 16 0 -4 228 376 -2 =228 -266 
-6 -1372 -1196 -8 -659 -627 
-1U 449 365 -12 438 440 -12 -2220 -2152 * 1 1 
-16 1570 1480 E u 5549 654s 
-18 -21.65 -2002 ï 4574 4503 
-20 631 554 2 3254 3841 
-22 1100 967 29(i8 2531 
* 12 0 4 -2236 -1929 
=305 -356 7 199 97 
+ 546 517 6 5277 5?_N9 
c -662 -611 7 2781 31.37 
-2 994 757 rs 1554 1559 
-4 -206 9 -68(i7 -3672 
-h -707 -665 10 -1682 -1575 
-C 2002 1872 11 =366 -369 
-10 -1663 -1582 13 2516 25:58 
-12 P'36 761 14 1ni8 8-49 
-14 1486 1320 16 -2289 -21b0 
-16 =1199 -997 17 0910 -R04 
-16 297 325 19 980 621 
-20 954 899 21 147 333 
-22 =579. -635 22 -1239 -1176 
* 13 n 2 =717 -637 
U 1077 941 24 433 425 
2 335 345 -1 -2824 -2715 
r. 639 555 -2 -3666 -3872 
" -285 -191 -3 762E 9621 
-2 -785 -697 -4 -1486 -1274 
-4 639 5b5 -y -1045 -1076 
-6 367 335 -6 P13 704 
-6 -1334 -1102 -7 -4703 -4755 
-12 524 462 -n -4665 -4702 
-14 -935 -659 -9 '2683 2678 
-16 -811 -639 -10 -1846 -1686 
-16 719 644 -11 1022 823 
-20 -842 -846 -12 0,521 -683 
* 14 0 -13 -2205 -2347 
0 0432 -312 -14 -1024 -1001 
2 =455 -325 -15 1069 1040 
-16 -665 -890 -9 2001 2222 w . .4 1 -17 1299 1192 -1i 0611. 3724 1 1590 1552 lö 394 267 -11 -4734 -4556 1. -2658 2545 -19 =636 -538 -13 . 1219 1191 2 583 598 -22 269 -322 -14 837 Ail 3 112'87 1143 -23 770 7u6 -15 2566 2571 4 -G 3 3 -2n,y5 -24 fìti4 Ntitj -10 7.967 1956 =4.02 -322 
-17 -2196 -2193 b 4754 4811 
3. 1281 2058 -20 496 525 7 -2,S6F -2371 
2 -5Q59 -6:i72 -21 784 652 724 799 3 -2968 -31)00 -22 190 282 9 ¶537. -496 4 ,$541 3164 -23 -A15 -679 lu -1794 -1911 
5 3133 2551 -24 =217 -218 11 693 609 
7 5511 1270 -25 -340 -226 12 ,í1.3F 3081 
:8 -4307 -4394 * S i 13 069 974 
9 -4804 -4769 G -1565 -1500 =719 -697 
11 1796 1803 1 -1653 -1569 17 577 446 
12 '592 7u0 2 693 577 1ò 147 236 , 
13 =595 -571 3 1859 1541 ly 574 463 
14 -1180 -2?54 4 5594 5273 2u 0741 -261 
15 03046 -3004 5 137e) 1094 21 434 392 
16 1610 1567 o r734 -731 -1 1026 1877 
17 769 822 7 -1917 -1797 -2 -1644 -15:59 
19 =446 -469 ti -2468 -2308 -J =329 -172 
2U 217 1.98 y 669 860 -4 -4098 -4015 
21 =g50 -771 lU 421 303 -5 1497 1422 
22 835 740 14 -2161 -2151 -b -199 -406 
23 2)5 206 15 =719 -614 -7 -11.13 -990 
24 120 229 18 159 222 -b -17ts+ -1896 
o 2 1 19 454 352 -y -1s113 -1852 
U -)071 -5325 20 1075 -994 -ti97 -3863 
1 61.!3 7093 23. 721 -640 -i.. 3002 2925 
2 n233 -190 22 622 616 -11 .L59k 1.499 
s 1296 1171 23 =1.20 -181 -1n69 -1212 
4 3`011 3540 -3. -1482 -1478 a881 -1000 
5 °QQ7 -1062 E -2 6991. 1.11.26 -16 =625 -678 
6_ - ---614Û -=6541- -3 -4574 -4301 2491 270U 
7 =446 -416 -4 -228.5 -1995 -lh 2050 2015 
8 4555 4532 -6 2608 2467 -2U =586 -537 
9 2381 2279 -7 =763 -766 -21 =473 -357 
10 . 255 242 -8 2726 2744 -22 524 445 
11 -1367 -1542 -9 -2445 -2449 -23 691 657 
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